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Abstract 


Alloy 600, the material used for pressurized water reactor 
steam generator tubing, is susceptible to environmentally 
assisted stress corrosion cracking. Intergranular stress 
corrosion cracking (IGSCC) attacks the tubes in areas of high 
residual stress, and in crevice regions. No method has been 
successfully developed to monitor steam generator tubing in- 
situ for crack initiation and growth. Essentially all available 
published IGSCC crack growth data for alloy 600 is based on 
non-tubing material. Although it is very likely that the 
current data base is applicable to tubing processing, 
differences between tube and other geometries make a comparison 
between tubing and other data important for verification 
purposes. However, obtaining crack initiation and growth data 
from tubing is difficult due to the geometry and the thin wall 
thickness. 


In this research the goal was to develop a system to monitor 
crack initiation and growth under in-situ steam generator 
conditions in tubing and, having developed such a system, to 
then obtain data on actual alloy 600 tubing for comparison to 
published results for non-tubing material. 


A nickel autoclave system capable of testing pressurized tube 
samples was constructed. The system is capable of operating 
in either recirculating or static mode as assembled. The 
operating environment was 10% NaOH (with 0.1% Na,CO, added) 

with a hydrogen over-pressure. The test sample was internally 
pressurized and electrically isolated from the rest of the 
system. Crack initiation and growth was monitored using an 
alternating current potential drop (ACPD) method especially 
developed for this purpose. Sample polarization to +150mV with 
respect to nickel was imposed to accelerate crack initiation. 





Mill annealed alloy 600 tubing was chosen as the test material. 
A special heat of material, fabricated for industry-wide 
research by the Electric Power Research Institute was used. 


The material, heat 96834, was mill annealed at 927+14°C. 


The program was divided into two phases: (1) system/methods 
development, and (2) crack growth measurement. 


A multi-frequency ACPD system was developed for the detection 
of initiation and propagation of short cracks in alloy 600 
tubing in high temperature caustic environments typical of an 
operating steam generator tube to tube sheet crevice. The 
system was then used to monitor crack initiation and growth in 
alloy 600 tubing. 


Limited IGSCC crack growth data for the tube samples was 
obtained. Average values of K; ranged from 4.2 to 17,7 МРаүт 
ПИШЕ growth rates from 1.6 to 12.3 mm/yr. 


The data obtained compare well with other, non-tubing, data in 
the sense that there is overlap between the data from this 
program and the general body of data in the literature. 
However, the data developed here indicates (limited as the data 
is) that a power law dependence of crack growth rate on K may 
be appropriate. The general body of literature data is too 
scattered to show any such dependence. 


Thesis Supervisor: Ronald Ballinger 
Title: Associate Professor of Nuclear Engineering and Materials 
Science and Engineering 
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i1. Introduction 


Since 1967, most pressurized water reactor steam 
generators have been constructed with tubes made of alloy 
EUN Alloy 600 is a strong, corrosion resistant nickel 
based alloy. However, environmentally assisted cracking 
(EAC) has occurred within tube sheets, just above tube 
sheets and in tight radius U-bends in this material. 

Today, steam generator tube degradation is the life- 
limiting phenomenon in pressurized water nuclear reactors 
with U-tube steam generators. Comprising over half the 
primary to secondary pressure boundary surface area, the 
Steam generator tubes are of critical importance to reactor 
safety. Extensive investigations by numerous researchers 
have failed to produce a cohesive failure theory for the 
cracking phenomenon, known as Stress Corrosion Cracking’. 
Stress Corrosion Cracking has been observed on both the 
primary and secondary side of the steam generator tubes, 
елап [ат Stress Corrosion Cracking (IGSCC) on the 
secondary side periodically occurs at sites of Intergranular 
Attack (IGA), though either IGA or IGSCC can occur 
independently. 

Because IGSCC is of such concern for reactor safety, 
frequent shutdowns for steam generator tube inspections must 
occur to ensure tube integrity. Each maintenance period not 
only costs millions of dollars in lost power generation, but 
many man-rem of maintenance personnel exposure. Development 
of an on-line steam generator tube monitoring system would 


decrease the periodicity of shutdowns for tube inspections 


! J.T. Adrian Roberts,Structural Materials in Nuclear Power Systems, 


(New York: Plenum Press, 1981), р. 340. 
Herbert H. Uhlig and R. Winston Revie, Corrosion and Corrosion 
Control, 3rd Ed, (New York: John Wiley & Sons, 1985), p. 366. 


i 





and provide a more reliable warning of impending tube 
failure. 

The scope of this thesis is to provide a proof of 
peanciple for detection of stress corrosion cracks in actual 
steam generator tube material under high temperature, 
pressure and corrosive environmental conditions utilizing 
previously developed alternating current potential drop 
(ACPD) crack detection techniques. If successful, the 
techniques used to detect the stress corrosion cracks can be 
expanded and refined into an on-line system in the future. 

In order to demonstrate a proof of principle for crack 
detection by ACPD techniques in a high temperature, 
corrosive environment, an autoclave system with both static 
and recirculation capability was constructed. Under in-situ 
conditions, steam generator tubes require years for stress 
corrosion cracking to occur. To expedite the process, tube 
specimens were exposed to highly caustic conditions (10% 
sodium hydroxide and 0.1% Na,CO, added to subcooled 
deionized water) at 315°C. Boiling was prevented by 
maintaining pressure greater than saturation. Prevention of 
boiling is critical to preventing local concentration of 
Caustic . 

The specimens were internally pressurized to obtain a 
hoop stress up to 145% of yield stress. Based on previous 
Studies of stress corrosion on alloy 600. this allowed crack 


WR : : 3 : А 
initiation in weeks . Further reductions in crack 


? M. Payne and P. McIntyre, “ Influence of Grain Boundary Microstructure 


on Susceptibility of Alloy 600 to Intergranular Attack and Stress 
corrosion Cracking., Corrosion=NACE, XLIV.No. У. (Мау 1988), pp. 314- 
319. 
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initiation time were realized by polarizing the sample to 
+150 mv with respect to a nickel electrode’. 

Crack detection was achieved using ACPD techniques 
previously developed’. Pick-up probes were attached on 
either side of an expected crack initiation site. An 
additional set of pickup probes were attached away from the 
test area to serve as a reference signal. The site of crack 
initiation was controlled by plating the tube specimen with 
nickel in every area but the crack initiation site. Probe 
spacing, frequency and current were determined empirically 
and through prior analytical results to yield optimum AC 
potential drop sensitivity. 

Static system tests were performed to (i) test system 
imeprity to the caustic solution, (ii) determine the 
ability of the selected temperatures, pressures and solution 
pH to initiate specimen cracking in a reasonable time frame, 
(iii) verify the ability of the system to initiate stress 
corrosion cracking in the specimen and (iv) verify the 
ability of the ACPD system to identify crack initiation and 
growth under these conditions. Subsequent testing obtained 
stress corrosion cracking data for the tube specimens for 


comparison to data available in the literature. 


* J. B. Lumsden,, S.L. Jeanjaquet, J.P.N. Paine and A. McIlree, 


"Mechanism and Effectiveness of Inhibitors for SCC in a Caustic 
Environment", (Seventh International Symposium on Environmental 
Degradation of Materials in Nuclear Power Systems - Water Reactors, Vol 
Il EsrSckenrjdoe, СО: NACE International. August 7-10,1995), pp. 317-325. 
?^ R.G. Ballinger and I.S. Hwang, "Characterization of Microstructure and 
IGSCC of Alloy 600 Steam Generator Tubing", (Final Report, EPRI TR- 
101983, Palo Alto: Electric Power Research Institute, (February 1993),p. 
22865 
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2. Background 


2.1 Nuclear Steam Generator Materials and Environment 


The first nuclear steam generator tubes were constructed 
using austenetic stainless steel'. Corrosion related 
degradation occurred at a relatively rapid rate. The next 
generation of generators were built with alloy 600 tubing and 
an evolving water chemistry control program . Though the 
general corrosion problems were mitigated to a great extent, 
stress corrosion and other localized corrosions continued to 


(охехел SS 


2.1.1 Steam Generator Construction 


The tubes of a typical steam generator used in nuclear 
applications are of either a recirculating, or U-tube, design 
(Westinghouse, Combustion Engineering) or a once-through design 
(Once Through Steam Generator or OTSG manufactured by Babcock 
and Wilcox)”. A typical steam generator has approximately 
ШОС straight-through tubes (Babcock and Wilcox design) or 
approximately 8000 to 9000 U-tubes in recirculating designs to 
provide adequate surface area for heat transfer from the 
primary to secondary fluid. The tubes can extend in length to 
A meters (68 feet) in a straight through design. 
Approximately 15 support plates in both designs provide 
vertical and lateral support and vibration reduction over the 


tube length. The tubes are normally not welded onto the 


1 J.R. Cels, Caustic Stress Corrosion Cracking Studies at 288C(550F) Using 


the Straining Electrode Technique, Corrrosion-NACE, V34, No.6 (June 1978), 
198. 

James A. Adams and Eric S. Peterson, Steam Generator Secondary pH During 
A Steam Generator Tube Rupture, Nuclear Technology, Vol 102 (June 1993), p. 
205. 

У J.T.A. Roberts, Structural Materials in Nuclear Power Systems, (New York: 
Plenum Press, 1981), p. 323. 
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support plates and have clearances up to 0.25 mm (.010 in) 
between the support plate and tube to allow for thermal 
ОЕ Оо 7238 mm (1,5 in) thick tube sheet separates the 
primary from the secondary (one upper and one lower in a once- 
through design). The steam generator tubes are normally on the 
order of 12 mm to 18 mm in diameter and are heat fitted and 
tungsten inert gas welded into the tube sheet on the primary 
side. On the OTSGs manufactured by Babcock and Wilcox, the 
entire steam generator is stress-relieved in a furnace after 
final fabrication and welding of the hemispherical heads are 
completed”. 

As can be seen in Figure 
2-1, crevices between the 
secondary side of the tube 
sheet and tubes and on each 


side of the support plate 





tubes exist due to the en 


-———— ALLUY 600 TUBE 


Benserutetion deseribed. In ^ 


-CREVICE REGIDN 








addition to the crevice, these b m 
areas have high residual or 


working stresses due to the 





press fit or constraining 
Figure 2-1: Typical Areas of 


nature of the design. These Steam Generator Tube Failure By 

: | Stress Corrosion Attack 
crevices are typically the 
sites for intergranular attack (IGA) and stress corrosion 
cracking (IGSCC) and are the inherent flaw in steam generator 
design from a corrosion perspective. Additionally, residual 
stresses during U-tube bending can increase the localized 


stress levels many times higher than the hoop and radial 


stresses induced from the primary to secondary side 


P Babcock & Wilcox, Steam: its generation and use (New York: Babcock & 
Wilcox, 1975) р. 23-11. 
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differential pressure. These residual stress areas will be 


deseribed in more detail later. 


2.1.2 Steam Generator Chemistry 


The secondary side of nuclear steam generators operates in 
an alkaline environment with a pH typically in the 8.5 to 9.2 
range for recirculating steam generators and 8.8 to 9.6 for 
Babcock and Wilcox once-through steam generators. This pH 
range maintains a low general corrosion rate for all components 
in the steam generator since many components are either low 
alloy or carbon steel, including the steam generator shell. 

There are four principal additives used to maintain 
secondary chemistry’. The principal pH control additive is 
ammonia (NH,OH), selected for its compatibility with all 
materials used in steam generator construction. Ammonia is 
very volatile and only minimal residuals remain on the heat 
transfer surfaces and in crevices during power operation. This 
allows contaminants (such as chlorine or sodium) to concentrate 
in tube crevices and create a corrosive environment. Other 
additives, such as morpholine, boric acid and hydrazine are 
added to provide buffering in the crevices. Morpholine, being 
less volatile than ammonia, has provided protection of carbon 
steel components (steam and condensate piping outside the steam 
generator especially) from erosion/corrosion in areas of two 
phase flow. Boric acid has been added to reduce the occurrence 
of “denting” caused by the growth of magnetite in the tube 
support plate crevices in generators with carbon steel support 


plates and has also mitigated intergranular attack of alloy 600 


Е James P. Adams and Eric S. Peterson, "Steam Generator Secondary pH During 
A Steam Generator Tube Rupture," Nuclear Technology, CII, (June 1993), pp. 
304-306. 

ĉ Ibid, p. 305. 
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by high caustic/. Finally, hydrazine has been added as an 
oxygen scavenger. Although alloy 600 is not susceptible to 
BN ide stress Corrosion cracking, it is still susceptible to 
oxygen-associated localized corrosion. 

Chemistry in a steam generator crevice is not known. The 
case for a high caustic condition stems from much research and 
experimentation in this regime. R. Bandy, et.al., conducted 
tests on alloy 600 in high temperature caustic environments and 
concluded that the concentration of alkaline species was one of 
the more important factors governing intergranular corrosion . 
It should be noted, however, that although the general 
environment of the tests was alkaline, no measurements of the 
chemistry in the crevice area were performed and Bandy 
concluded that “a more thorough knowledge of the crevice 
chemistry is required”. S.M. Payne, et al., reported that 
impurities from the secondary water may concentrate in 
superheated hot leg crevices to 50% by weight of sodium 
hydroxide. Another possible source for free caustic 
Formation ie from ionic impurities introduced from corrosion 
products in the feed, condensate and chemical addition system 
and leakage in the condenser. These impurities include sulfur, 


phosphates, and chlorides, among others’. These impurities 


” “Boric Acid Application Guidelines for Intergranular Corrosion 
Inhibition,” EPRI NP 5558, Electric Power Research Institute (1984). 

James P. Adams and Eric S. Peterson, “Steam Generator Secondary pH During 
Pecteam Generator Tube Rupture,” Nuclear Technology, Gil, (June 1993), р. 
305. 

í R. Bandy, R. Roberge, and D. van Rooyen, “Intergranular Failures of alloy 
600 in High Temperature Caustic Environments," Corrosion - NACE", XVI no. 
IEEE MArchol985).pp. 142, 149-150. 

R. Bandy, R. Roberge, and D. van Rooyen, pp. 142-151. 

S. M. Payne and P. McIntyre, "Influence of Grain Boundary Microstructure 
on the Susceptibility of alloy 600 to Intergranular Attack and Stress 
Corrosion Cracking,” Corrosion-NACE, XLIV no. V, (Мау 1988), рр. 314-319. 

J.T.A. Roberts, Structural Materials in Nuclear Power Systems, (New York: 
Pienum Press, 1981).pp. 336-337: 
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can concentrate in the low flow regions, such as the tube sheet 
crevice, or in sludge at the top of the tube sheet, and cause 
Keeallly high alkaline conditions in high heat flux, low flow 


regions (typically where intergranular corrosion occurs). 


2.1.3 Material Properties of Alloy 600 Steam Generator Tubes 


¡Aloy 600 is a nickel-chromium-iron alloy containing at 
Memote72, nickel (plus cobalt), 14 to 17% chromium, 6-10% iron, 
OS carbon (maximum, nominal carbon content is in the 0.08% 
range ) and small percentages of manganese, sulfur, silicon 
and copper. These concentrations are nominal and actual 
concentrations vary within this range. The importance of this 
variation and the small percentages of other materials added in 
the course of alloy 600 manufacture will play a role in the 
ability of a particular heat to resist intergranular attack and 
stress corrosion cracking. Typically in older vintage steam 
generators, following milling, the tubes are heated to a 
temperature to allow rearrangement of the individual atoms into 
a more stable structure. The tubes are then allowed to cool in 
the furnace. This process is known as mill annealing and 
softens the tubes to impart added ductility!*. Steam generator 
tubes conform to American Society for the Testing of Materials 
(ASTM) standard B-163 and American Society of Mechanical 
Engineers (ASME) Boiler and Pressure Vessel Code Section III 
(Nuclear Vessels) with a minimum tensile strength of 552 MPa 
(80000 psi) and minimum 0.2* yield strength of 241 MPa (35000 
psi) in a mill-annealed condition. Alloy 600 is ductile at 


room temperature with Charpy V-Notch impact strengths of 


i Wayne Z. Friend, Corrosion of Nickel and Nickel Based Alloys (New York: 
John Wiley & Sons, 1980), p. 143. 

L. H. Van Vlack, Elements of Material Science and Engineering, 3rd Ed., 
(Reading, MA: Addison-Wesley Publishing Co., 1975), pp. 374-375. 
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approximately 250 Joules at typical steam generator secondary 
EndcEoberating temperatures of 224'C to 273'G (inlet and 

outlet, respectively)" for mill-annealed material. It does 
not embrittle after long exposure at high temperatures. 

Fatigue strength is affected by grain size and condition and by 
temperature, with typical values of fatigue strength greater 


than 325 MPa for 10° cycles” 


Nickel provides alloy 600 with a resistance to corrosion 
bvariety of organic and inorganic compounds. It is 
especially resistant to caustics and caustic solutions, the 
corrosion resistance being proportional to the nickel content 


in sodium hydroxide. 


Chromium is added to provide resistance to corrosion in 
high temperature oxidizing environments, and resistance to 
sulfur compounds (sulfur compounds act as catalyst poisons that 
ease access of hydrogen into a metal lattice resulting in 
cracking due to hydrogen embrittlement”). The effect of 
chromium additions to nickel is illustrated in Figure 2-2. The 
active region of Figure 2-2 is defined as the potential range 
at whieh significant corrosion occurs. The point at which the 
current suddenly drops to a value orders of magnitude lower is 
called the critical current density and the lower current 
density is the passive current density. The vertical region of 
Figure 2-2 where this lower current density exists is known as 


the passive region and the potential in this range is the 


> Neil E. Todreas and Mujid S. Kazimi, Nuclear Systems I (Bristol, PA: 
taylor € Francis, 1990), p. 5. 
: Inconel, Inco Alloys International (Huntington,WV: Inco Alloys 
International, Inc). 

Herbert H. Uhlig and R. Winston Revie, Corrosion and Corrosion Control 
(New York: John Wiley & Sons, 1985), p. 142. 
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passive potential’. Passivity for a metal is simply the state 
where the rate of dissolution in a given environment under 
steady state conditions becomes less as the electrode potential 
is increased than the rate at some lower potential”. At 
chromium concentrations greater than 9%, chromium in nickel 
significantly reduces the current density in the active 
erosion region. For chromium concentrations greater than 
10%, the critical current density is reduced, the passive 


potential widens and the passive current density is reduced”. 


ALLOY 600 
300*C, 20mV/min 


Reduced Cr decreases 
the passive potential 


10% Na OH 






= 0.8 
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— d! 

a 96 Reduced Cr increases 

= the passive current density 
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a. 


o 
ғә 


о Reduced Cr increases 
the critical current density 


“1072 io^! 10° 10! 10? 
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Figure 2-2: Evans Diagram for Alloy 600 Showing the Effect of Chromium 
Concentration on Corrosion Current Density and Passivity. 


1? Herbert H. Uhlig and R. Winston Revie, Corrosion and Corrosion Control, 


ОТО Ed (New York: John Wiley & Sons, 1985), pp. 61-65. 
C. Wagner, Discussions at the First International Symposium on Passivity, 


Heiligenberg, West Germany, 1957, Corrosion Science, Vol 5, (1965). 9.751. 
e Wayne Z. Friend, Corrosion of Nickel and Nickel Based Alloys (New York: 


Schu Wiley 8 Sons, 1980), p. 136. 
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Chromium seems also to be the key factor in providing 
chloride stress corrosion resistance in alloy 600. This was 
demonstrated by Piron’, who added concentrations of NaCl to a 
H,SO, solution containing alloy 600 and nickel 200 which were 
made to passivate by controlling the potential until a 
breakdown of passivity occurred as indicated by a large change 
Bue passive current density. The critical NaCl 
concentrations were found to be an order of magnitude higher 
MI Udcs 600 than nickel 200 (2% vs. 0.1%, respectively) . 
Although the nominal concentration of 14% to 17% is specified, 
heat treatment of the material and differences during 
manufacture can cause localized regions at the grain boundary 
which contain concentrations significantly below the nominal, 
thereby altering the corrosion resistance of alloy 600%. The 
importance of this phenomenon in intergranular corrosion is 


further explained below. 


Iron is present in the stated percentage from the addition 
Sieterrochromium, instead of metallic chromium, during melting. 


Е Р 23 
Ferrochromium is used mainly to reduce cost”. 


Several precipitated phases can be present in the 
microstructure. These include titanium nitrides, titanium 
carbides, cyanonitrides, and chromium carbides, with the latter 
being the most prevalent because of the natural chromium 


content of alloy 600°". The particular concentration of 


р Wayne Z. Friend, Corrosion of Nickel and Nickel Based Alloys (New York: 
пера Wiley & Sons, 1980), p. 139. 
i: Wayne Z. Friend, Corrosion of Nickel and Nickel Based Alloys (New York: 
John Wiley & Sons, 1980), p. 143. 

Wayne Z. Friend, Corrosion of Nickel and Nickel Based Alloys (New York: 
ШОйп Wiley & Sons, 1980), р. 142. 

Inco Alloys International, Inconel, (Huntington,WV: Inco Alloys 
international) p. 12. 
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carbides at the grain boundaries can affect the susceptibility 


of a particular heat to intergranular corrosion’. 


2.2 Stress Corrosion Cracking Theories 


The two prevalent theories which explain IGSCC involve 


einer anodic dissolution along the grain boundary or microvoid 


ev ЕО а Ее тате 


formation allowing crack propagation/^ 
implies, occurs along grain boundaries. Although transgranular 
cracking is possible, cases have been extremely rare and 
usually can be attributed to other factors influencing the 
crack propagation path. In post-mortems of tube failures from 
IGSCC, three common factors emerged. First, high stresses in 
the area of failure existed. Second, the material was 
susceptible to SCC. Finally, high temperatures influenced the 
damage rate^. In each theory, these factors influence a 


physical phenomenon which allows crack initiation, propagation 


Emdesventual failure. 


2.2.1 Film Rupture Theory for Crack Initiation 


Crack initiation is hypothesized to be the result of a 


film rupture mechanism which allows attack of the material at 


Ив. м. Payne and P. McIntyre, “Influence of Grain Boundary Microstructure 


on the Susceptibility of alloy 600 to Intergranular Attack and Stress 
Corrosion Cracking,” Corrosion-NACE, XLIV no. V, (May 1988), pp. 314-319. 


E^ R. Bandy, R. Roberge, and D. van Rooyen, "Intergranular Failures of Alloy 


600 in High Temperature Caustic Environments," Corrosion - NACE", XVI no. 
NE (March 1985), pp. 142-150. 


x Y, Shen and P.G. Shewmon, "IGSCC Crack Growth of Alloy 600 and X-750 in 


Steam," Corrosion, Vol. 47, No. 9 (September, 1991), pp. 712-718. 


e P.L. Andersen, ^Effects of Temperature on Crack Growth Rate in Sensitized 


Type 304 Stainless Steel and Alloy 600," Corrosion Science, Vol.49, No.9 
(September 1993), pp. 714-725. 
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Р 29 | А И 
асе атача boundary" . Alloy 600 in a caustic environment 
30,31 


passivates, primarily due to the high nickel content 
Passivation theory holds that a film, most likely of an oxide 
(Cr,0, is generally accepted in this case” although spinel 
oxides of Fe,0,, Cr40,, and Ni,0, have also been reported") or 
hydroxide composition, forms a thin protective layer on the 
surface of the material. The film lowers the current density 
significantly and therefore the corrosion rate is reduced 
significantly. The 14% to 17% chromium content, besides 
providing resistance to chloride stress corrosion, further 
lowers the corrosion rate. Experiments have shown that chromium 
concentrations in nickel greater than 9% significantly reduce 
the current density in the active corrosion region and for 
concentrations greater than 10%, the passive potential widens 


and the passive current density is reduced. 


Film rupture can be explained by two mechanisms. The first 


requires that a strain be applied. The second suggests a 


29 
R. Bandy, R. Roberge, and D. van Rooyen, “Intergranular Failures of Alloy 


600 in High Temperature Caustic Environments,” Corrosion - NACE”, XVI no. 
III, (March 1985),p. 149. 


Wayne Z. Friend, Corrosion of Nickel and Nickel Based Alloys (New York: 
John Wiley & Sons, 1980), p. 157. 


is International Nickel Co., Inc., "Corrosion Resistance of Nickel and 
Nickel-Containing Alloys in Caustic Soda and other Alkalies," Corrosion 


Engineering Bulletin, CEB-2, 1971. 


E Wayne Z. Friend, Corrosion of Nickel and Nickel Based Alloys (New York: 
Jonn Wiley £ Sons, 1980). p. 165. 


s Warren E. Berry, Corrosion in Nuclear Applications (New York: John Wiley 
sons 1971) рр. 185-189. 


ur к. Sune, J. Koch, T. Angeliu, and 635. Маз. /Thesrfreet of’Grain 


Boundary Chemistry on Intergranular Stress Corrosion Cracking of Ni-Cr-Fe 
Alloys in 50 Pet NaOH at 140°C” Metallurgical Transactions A, Vol. 23A, No. 
10, (October 1992), pp. 2887-2904. 


н Маупе 2. Егіепа, Соггоѕіоп оЁ Nickel and Nickel Based Alloys (New York: 
John Wiley & Sons, 1980), p. 136. 
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breakdown of the film due to a change in the underlying 
material composition, thus altering the electrochemical 


Lu 36 
potential . 


Film rupture by a strain mechanism requires that a stress 
be applied to the material. The applied tensile stress levels 
can be as low as 10% of the yield stress’. However, larger 
stress levels are present in the failure areas when one 


examines residual stresses induced from manufacture processes. 


There are two basic steam generator tube designs used in 
pressurized water reactors today: U-bend (Westinghouse, 
Combustion Engineering) and straight-through (Babcock and 
Wilcox). The U-bend tube experiences the highest SCC rates 
primarily due to the stress relieving process which occurs in 
Babcock and Wilcox steam generators. Stresses present in U- 
bends are from applied and residual stresses (other stresses 
may be induced from corrosion or mechanical binding also). 
Typical operating stresses are on the order of 11 MPa in the 
Boop or circumferential direction and 5 MPa in the axial 


direction’. Both of these applied stresses are well below 172 


= Tea sung, .). Koch, Т. Angeliu and C.s. Was, “The Efiect of Grain 


Boundary Chemistry on Intergranular Stress Corrosion Cracking of Ni-Cr-Fe 
Alloys in 50 Pet NaOH at 140°C,” Metallurgical Transactions A, 
Vol. 235A ,No.10, (October, 1992). pp. 2895-2904. 


у Scaffer, Saxena, Antolovich, Sanders and Warner, The Science and Design 
б Engineering Materials, (Chicago: Irwin, 1995), p- 657. 


* Babcock and Wilcox, Steam/its generation and use, 39th Ed. (New York: 
Варсоск папа Wilcox, 1978). p. 31-22. 


E van Shah, D:B. Lowenstein, A.P.L. Turner. SSRo Ward. Т.А. Corman. Р.Е. 


MacDonald, G.H. Weidenhamer, "Assessment of primary water stress corrosion 
cracking of PWR steam generator tubes," Nuclear Engineering and Design, 
ош ал Nor 2-3, pp. 199-216. 
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to 345 MPa yield stress of alloy 600 following mill 


a 
annealing . 


-Flank 


Residual stresses, however, 
Extrados / / 


especially in areas of severe N E 
geometry changes (Figure 2-3), y / ) 


can be at or greater than the / / / 
| Intrades——4 / / A 
yield stress. Residual stresses ` | 


from the bending process tend to / / 


\ 


/ | /Irregular 


/ / 

/ / 

oecur directly adjacent to the / E 
L 
high curvature area. Tubes in fry ( 
> à 


a Sy Transition 
way, 

rows l or 2 have the tightest 

benderadius, on the order of 


Figure 2-3: Schematic of a 


steam generator tube 
in the extrados or flank can be showing areas of high 


deigh as 100 MPa or higher if residual stress 


55.4 mm. Residual hoop stresses 


ЕЕЕ сапе cold working was performed”. Of the approximately 
9000 U tubes in a typical steam generator, tubes in rows 1 or 2 


suffer the highest SCC failure rate, as expected. 


Santarini", Rios", and Shah/' all found that crack growth 


rate increased as the strain rate increased following an 


Р Inconel, Inco Alloys International (Huntington, WV:Inco Alloys 
International, Inc.). 


УД Velen onan Р.В Lowenstein, A.P.L, Turner, 5.К. Магға, ТА СсСогтап. P.E. 


MacDonald, G.H. Weidenhamer, “Assessment of primary water stress corrosion 
cracking of PWR steam generator tubes,” Nuclear Engineering and Design, 
ОЛИ №. 2-35. pp. 199-216. 


E R.B. Rebak and Z. Szlarska-Smialwska, "Influence of Stress Intensity and 


Loading Mode on Intergranular Stress Corrosion Cracking of Alloy 600 in 


Primary Water of Pressurized Water Reactors," Corrosion, Vol. 50, No. 5, 
(Мау 1994). рр. 328-393. 
43 


К. Rios, T. Magnin, D. Noel, O. DeBouvier, "Critical Analysis of Alloy 
600 Stress Corrosion Cracking Mechanisms in Primary Water,"  Metailurgical 
and Materials Transactions A, Vol. 26, No. 4, (1995), pp. 925-939. 


44 8. Shah, ор. сіс., рр. 199-216. 
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exponential relationship. This correlation supports a film 
rupture mechanism and is consistent with the observed stresses 


mama lire sites in U tubes". 


The second explanation for film breakdown is 
electrochemical. In 1984, Woodward ? identified a potential 
ПЕШ tot -750mV to -340mV(SCE) in which SCC initiated. 

Запа ,et al, theorize that chromium depletion (due to 
Пета л оп forming chromium carbide precipitates) or an excess 
of carbon migrating toward the grain boundary alters the 
electrochemical potential. This favors the formation of a less 
protective nickel-rich hydroxide film vice a protective nickel 
oxide. The nickel hydroxide film is stable only over a small 
tange of pH. If localized pH were acidic or highly caustic, the 
nickel hydroxide film would become soluble (unstable), leaving 


the underlying material unprotected. 


2.2.2 Crack Propagation by Anodic Dissolution 


Once a film rupture occurs, crack propagation in the 
matrix material can proceed. Bandy’, et al, suggested that 
film rupture is followed by anodic dissolution along the grain 


boundary and subsequent repassivation when the material is at 


E: VANES hah D.B. Lowenstein. ÀA.P.L. Turner, S.R. Ward, J.A. Gorman, Р.Е: 


MacDonald, G.H. Weidenhamer, “Assessment of primary water stress corrosion 
cracking of PWR steam generator tubes,” Nuclear Engineering and Design, 
9191324, №. 2-3, рр. 201-205. 


= J. Woodward, “Rapid Identification of Conditions Causing Intergranular 


Corrosion or Intergranular Stress Corrosion Cracking in Sensitized Alloy 
600,” Corrosion - NACE, XL, No. XII, (December 1984), pp. 640-643. 


P. IAK Súng. J. Koch., T. Angeliu, and 6.5. Was, “ihe Effect of Grain 


Boundary Chemistry on Intergranular Stress Corrosion Cracking of Ni-Cr-Fe 
Alloys in 50 Pct NaOH at 140'C," Metallurgical Transactions A, Vol. 23A, 
Noe lO. (October 1992), pp. 2887-2904. 


R. Bandy, R. Roberge, and D. van Rooyen, “Intergranular Failures of Alloy 


600 in High Temperature Caustic Environments,” Corrosion - NACE, XVI No. 
itive (March 1985), рр. 142-151. 
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the passive potential. Subsequent cycles propagate the crack 
along the grain boundary.  Bandy supported his conclusions by 
demonstrating that the rate of SCC is significantly influenced 
by the electrochemical potential. With samples in a potential 
range of +150 to 200 mV versus nickel (around the passive 

вешта! for alloy 600 at 300°C), grain boundary grooving 

occurred. However, for samples held at 0 mV versus nickel, no 


EOSCC occurred’. 


Chromium carbides are the most likely candidate for the 
cathode. The cathodic behavior of the carbides in caustic was 
demonstrated by Rebak, et al”. There are two major forms of 
carbide which precipitate at the boundary: M,C, and M,,C,. The 
major constituent of the M is chromium. The depletion of 
chromium at the grain boundary due to diffusion and subsequent 
precipitation as a carbide does not seem to influence the 
susceptibility of the material to ge Se 
carbon or other precipitates in the carbide as the major 
culprit. However, several researchers have linked carbon 
(оштете not only with crack initiation phenomenon, but crack 
growth rates. Johns and Beckitt found the susceptibility to 


IGSCC to be “critically dependent on the grain size and carbon 


: 55 
Content or the material. 


= R. Bandy, R. Roberge, and D. van Rooyen, p. 149. 


Ee Jang, "Effect of Sulphate and Chloride Ions on the Crevice Chemistry 


and Stress Corrosion Cracking of Alloy 600 in High Temperature Aqueous 
Solutions," Corrosion Science , Vol. 33, No. 1 (1992), pp. 25-38. 


к Rios, T, Magnin, D. Noel and O. deBouvier, "Critical Analysis of Alloy 


600 Stress Corrosion Cracking Mechanisms in Primary Water," Metallurgical 
and Materials Transactions A, Vol.26, No.4, (1995), pp. 928-929. 


"И D.R. Johns and F.R. Beckitt, "Factors Influencing the Thermal 


Stabilisation of Alloy 600 Tubing Against Intergranular Corrosion," 
Corrosion Science, XXX No. II/III, (1990), pp. 223-237. 
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The carbides that do form are precipitated out at the 
grain boundaries. Anodic dissolution would occur in the area of 
the grain immediately adjacent to the carbide. Once 
dissolution takes place, the material along the grain boundary 
and in the grain boundary is removed and a pit or crack is 
formed. With the cause of the initial film breakdown removed, 
repassivation can then take place. Like other mechanically 
induced cracks, stresses tend to concentrate at the crack tip. 
Seeain-induced crack propagation can then occur until a carbide 
particle is reached which can tend to pin the dislocations at 
the grain boundary and prevent further crack propagation. 
Again, electrochemical changes occur to break down the film, 


dissolution occurs and the process is repeated until failure. 


2.2.3 Crack Propagation by Microvoid Formation 


Pececond major theory for SCG crack propagation in alloy 
600 includes the formation of microvoids along the grain 
boundary. Generally, the theory holds that small voids from 
the formation of micro gas pockets, either hydrogen, or more 
likely methane, are formed in front of the advancing crack”. 
The reaction of hydrogen, formed by electrochemical processes 


at the crack tip: 
2H" +2e” >H, mc 
and carbon near the grain boundary, forms methane by: 


CAT TEN (9-9) 


53 Y. Shen and P. С. Shewmon, “ Intergranular Stress Corrosion Cracking of 


Alloy 600 and X-750 in High Temperature Deaerated Water/Steam," 
Metallurgical Transactions A, Vol. 22A, No. 8, (August 1991), pp. 1857- 
1864. 
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Lim and Raj” demonstrated that the nucleation of such 
microvoids “can be...aided by the impingement of slip lines 
along the grain boundary”, with a void spacing of 0.2um. It 
has also been observed that if carbides are present, the 
activity of the carbon at the grain boundary is reduced, the 
methane pressure is reduced and IGSCC is slower. If temperature 
increases, the stress, and by relation, the strain, increase. 
Stress-assisted diffusion, especially with stress concentration 
at the crack tip, may become an important factor in promoting 
diffusion toward the crack tip. Once hydrogen and carbon 
fmiiteract at the front of the propagating tip, small voids form 
which are eventually connected by the strain in the material, 
propagating the crack". As the crack propagates deeper into 
the material, voids continue to form and join ahead of the 


advancing crack, eventually leading to material failure. 


Although there are several other theories to explain 
stress corrosion cracking, the two theories presented here are 
ime only ones to incorporate observed microstructural, 
electrochemical and mechanical phenomena. Determining which is 
the actual mechanism is difficult. Each incorporates ideas 
which appeal to certain observed aspects better than the 
опеке. For example, dissolution theory does not seem to 
explain why primary water stress corrosion cracking is more 
prevalent than secondary side stress corrosion cracking, though 
microvoid formation seems to readily incorporate an 


explanation. In reality, there may be more than one mechanism 


F Y. Shen and P. G. Shewmon, " Intergranular Stress Corrosion Cracking of 


Alloy 600 and X-750 in High Temperature Deaerated Water/Steam," 
Metallurgical Transactions A, Vol. 22A, No. 8, (August 1991), pp. 1857- 
1864. 


?? Y. Shen and P. C. Shewmon, pp- 1857-1864: 
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Шеп астиа!!1у occurs to cause crack initiation and 


propagation. 


2.2.4 Impurities in Secondary Steam Generator Water 


The dissolution of the passive layer, and its importance 
to IGSCC described above, may be accelerated by the 
BEneroduetion of chlorides or other ionic impurities’ 

Chlorides are specifically addressed due to their ability to 
either prevent the formation of or to break down previously 
formed passive layers. In theory, chloride ions either increase 
the permeability of the formed oxide layer, or allow metal ions 
to pass more easily to the electrolyte if a chemisorbed layer 
dis present. The effect is the same in both cases, allowing 
corrosion rates to increase by reducing the potential below the 


passive potential. 


Seawater is often used to cool the condensate discharge 
from the turbines, which is fed back to a steam generator in a 
typical Rankine cycle. Any tube leaks in the condenser will 
ОШ chloride ions into the steam generator (seawater is 
approximately 19,500 ppm chlorides). Although a typical 
nuclear plant condensate system is monitored for chloride 
introduction, it is possible for levels below detectable to 
slowly concentrate chlorides in the steam generator. 
Typically, chlorides are controlled in the ppm range to avoid 
this concentration. However, this is a bulk fluid level and 


concentration of chloride ions in a crevice due to a low flow 


i Wayne Z. Friend,Corrosion of Nickel and Nickel Based Alloys (New York: 
John Wiley & Sons, 1980),pp. 136-142, 


je Herbert H. Uhlig and R. Winston Revie, Corrosion and Corrosion Control 


(New York: John Wiley & Sons, 1985), p. 74. 
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situation can result in levels in the hundreds or thousands of 


parts per million. 


sulfur appears to be a concern only in acidic, oxidizing 
environments. Today’s steam generator chemistry, combined 
with deoxygenating water systems, prevent this type of 
environment from occurring. Despite this, IGSCC still occurs, 


Eus doubt on the importance of sulfur in promoting IGSCC. 


Free hydrogen is present in relatively large quantities on 
the primary side of the steam generator tubes, though in very 
minute quantities on the secondary side. The surplus of 
hydrogen results in a highly reducing environment on the 
primary side. Hydrogen inventories are maintained by (1) 
стон of H, into the primary, (2) water decomposition 
under a neutron radiation flux and (3) decomposition of some 
primary pH additives. Hydrogen is effective in removing oxygen 
by radiolytic recombination in the presence of a gamma flux. 
Rios, et al, found, however, that hydrogen can only enter the 
material if a crack has been previously initiated. This 
suggests that film rupture must occur before hydrogen affects 
the material. This would imply, along with the previous 
diseussion of microvoid formation, that hydrogen concentration 
indeed plays an extremely important role in SCC. If the 
microvoid formation theory is correct, the material in a higher 


concentration of hydrogen would have increased diffusion into 


a. Jang, "Effect of Sulphate and Chloride Ions on the Crevice Chemistry 


and Stress Corrosion Cracking of Alloy 600 in High Temperature Aqueous 
Solutions," Corrosion Science , Vol. 33, No. 1 (1992), pp. 25-38. 


iun. Rios, T. Magnin, D. Noel, O. DeBouvier, "Critical Analysis of Alloy 


600 Stress Corrosion Cracking Mechanisms in Primary Water,"  Metailurgical 
and Materials Transactions A, Vol. 26, No. 4, (1995), pp. 925-939. 
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the material (since the gradient would be definitely into the 
material). This could promote faster void formation and 
subsequent crack propagation. It is interesting to note that 
PWSCC occurs the most frequently of all SCC°°. This would then 
support the relatively larger SCC failures on the primary side 


versus the secondary side. 


2.3 Role of Inhibitors 


It is speculated that the addition of various compounds to 
the secondary steam generator environment may mitigate or 
terminate intergranular stress corrosion cracking. Recently, 
several researchers have investigated the use of Titanium 
Emseeunds (TiO,, Tyzor, TiLAC, and Ti(Bu),), cerium salts, and 
Zine compounds’. Though results indicate that indeed crack 
mitigation or the prevention of the onset of SCC is possible, 
the exact mechanism of interaction is still unknown. 

The majority of the laboratory testing has been performed 
in caustic environments which simulate the pH of an operating 
steam generator (pH=10) at a temperature of approximately 
5152. Typical sample geometries include C-rings or standard 
ASTM tensile specimens machined from alloy 600 stock provided 
by the manufacturers of nuclear steam generator tubing. Recent 
testing, as well as earlier results”, demonstrated promise 


using titanium compounds over other possible additives. The 


= ан. D. B. Lowenstein. A.P.L. Turner. Б.В. Мата, ЛА Corman TELE, 


MacDonald, G.H. Weidenhamer, “Assessment of Primary Water Stress Corrosion 
Cracking of PWR Steam Generator Tubes,” Nuclear Engineering and Design, 
cs Ме 2-33 рр. 199-216. 

E. Bümsden. s.L. Jeanjagüuet; J.P-N. Paine and 2.2Meriree, “Mechanism 
and Effectiveness of Inhibitors for SCC in a Caustic Environment", Seventh 
International Symposium on Environmental Degradation of Materials in 
Nuclear Power Systems - Water Reactors, Vol. 1 (Breckenridge, CO: NACE 
lunteruational, August 7-10,1995). pp. 317-323, 

2 J.B. Lumsden and P.J. Stocker, "Inhibition of ICA in Nickel Based Alloys 
in Caustic Solutions", Corrosion/88, Paper No. (Houston, TX: National 
Association of Corrosion Engineers, 1988). 
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сетио ту of the particular additive appears important” 
however. Measurement of the potential and/or applied potential 
is also performed to characterize the electrochemical 
environment. 

Results indicate that the inhibitors may react by one of 
two methods detected thus far. In several cases, the 
inhibitors act to raise the potential above which SCC will 
occur. The IGSCC potential region appears to be +150 to +200mV 
versus nickel and occurs at the greatest rate at the passive 
potential”. Addition of titanium compounds increases the 
threshold potential by a minimum of 50 milli-volts and in a few 
cases prevented SCC occurrence within the test period”. In 
other cases, the inhibitor is thought to stabilize the passive 
film” preventing the onset of SCC by temporarily or 
permanently delaying the onset of film breakdown. Both 
hypotheses correlate well with the film rupture/anodic 


isso lutlion theory for SCC. 


ыт. Miglin, J.V. Monter, C.S. Wade, M.J. Psaila-Dombrowski, and A.R. 


McIlree, “SCC of Alloy 600 in Complex Caustic Environments”, Seventh 
International Symposium on Environmental Degradation of Materials in 
Nuclear Power Systems - Water Reactors, Vol. 1 (Breckenridge, CO: NACE 
Weermational, August 7-10,1995), рр. 277-290. 

R. Bandy, R. Roberge, and D. van Rooyen, “Intergranular Failures of Alloy 
600 in High Temperature Caustic Environments,” Corrosion - NACE, XVI No. 
Ber (March 1985), p. 149. 

4 J. B. Lumsden, S.L. Jeanjaquet, J.P.N. Paine and À. McIlree, "Mechanism 
and Effectiveness of Inhibitors for SCC in a Caustic Environment", Seventh 
International Symposium on Environmental Degradation of Materials in 
Nuclear Power Systems - Water Reactors, Vol. 1 (Breckenridge, CO: NACE 
International, August 7-10,1995), pp. 321-322. 

? M.T. Miglin, J.V. Monter, C.S. Wade, M.J. Psaila-Dombrowski, and A.R. 
McIlree, "SCC of Alloy 600 in Complex Caustic Environments", Seventh 
International Symposium on Environmental Degradation of Materials in 
Nuclear Power Systems - Water Reactors, Vol. 1 (Breckenridge, CO: NACE 
Шігегпасіспайі, August 7-10,1995), р. 281. 


23 





2.4 Crack Measurement by Potential Drop Methods 


recent years two primary methods of detecting “small” 
cracks have emerged. The first involves the use of a constant 
frequency, or DC current, the second an alternating frequency, 
БН current. In each case, the initiation of cracks in the 
material results in a measurable potential drop when probes are 


placed across the crack initiation site. 


2.4.1 Theory of DC Potential Drop 


Direct current potential drop was initially used for crack 
detection due to the relatively straightforward application of 
drcctocurrent theory to metallic conductors. In direct 
current flow, the current travels along the conductor from 
injection point to pickup. The resistance of the conductor is 
dependent on the material's resistivity, p, which is a function 
of temperature, the conductor length, /, and area, A. 

Applying Ohm's Law and the relationship for resistance: 


_1рЁ 
А 


Assuming for a moment that the resistivity is constant with 


E (2330 


temperature, the reduction of cross-sectional area due to 
crack penetration results in an increase in the potential 
(assuming the conductor is not expanding in the direction of 
£). As can be seen, this simple relationship allows the 
detection of crack initiation and growth based on a simple 
reduction of area. 

On closer examination, several difficulties arise which 
Make the application of DC potential drop systems inferior to 
the use of AC potential drop detection schemes. The resistance 
losses in the conductor during current transmission cause 


hesting according to: 


34 





Losses p^ Rp (2-4) 
Ás temperature increases for nickel alloys, the resistivity 
increases resulting in an increase in potential. Additionally, 
Ене Junction of the input probes with the conductor surface can 
result in electromagnetic fields. These fields, caused by 
thermal differences between the two materials (i.e. 
“thermocouple effect”), can be significant”. 

The two effects, the resistivity change due to temperature 
and the thermocouple effect, can be compensated for by 
employing two techniques. The first is to measure the 
potential across a similar conductor (i.e. same geometry, input 
probe and pickup probe spacing, etc.) which is placed at the 
same temperature as the conductor under test. The thermal 
effects of the potential change due to resistivity changes can 
be mathematically eliminated by normalizing the sample with 
respect to the reference. The second method, developed by 
General Electric” and employed in many DC potential crack 
measurement systems, reverses the applied current at a 
specified interval (e.g. every 0.5 seconds). This changes the 
polarity of the induced junction electromagnetic field. The 
measured potential drop initially is additive with the 
electromagnetic field during the initial half cycle and 
Embsequently subtractive on the next half cycle. The 
thermocouple effect is essentially eliminated by averaging the 


measured potential during each cycle. 


P. T. Baumeister, E. Avallone, T. Baumeister III, Mark's Standard Handbook 


for Mechanical Engineers, 8th Ed. (New York: McGraw-Hill Book Co., 

ШИЕ ор. 16-11-16-13. 

E Е. Catlin, D.C. Lord, T.A: Prater and L.F. Coffin, The Reversing DC 
Electrical Potential Method (Schenectady, NY: General Electric). 

Bu RF Catlin, D.C. Гога, Т.А. Prater and L.F. Coffin, тле Reversing DC 
Electrical Potential Method (Schenectady, NY: General Electric). 
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In addition to the thermal effects on potential 
measurement, the relatively low resistivity of alloy 600 in the 
temperature range of interest requires a relatively large 
current be applied to allow for a sufficient potential drop to 
occur between the pickup probes. From equation (2-3), the gain 
for a DC potential drop system is inversely proportional to the 
change in area resulting from crack growth: 

hn -A (2-5) 

V 4, 
Given the low resistivity of alloy 600 (inverse of conductivity 
from Table 1), equation 2-5 requires the application of 
currents normally in excess of 1 ampere for a sufficient gain 
in voltage from small changes due to crack propagation into the 
wall. 

Switching requirements, reference samples, and large 
applied currents are drawbacks to the application of using DC 
potential for an on-line monitor system. As will be seen, 
these drawbacks can be mitigated or eliminated and an increase 
in sensitivity to crack initiation realized with an AC 


potential drop system. 


2.4.2 Theory of AC Potential Drop 


Use of alternating current in a potential drop system 
allows a higher sensitivity to crack detection by taking 
advantage of the skin effect present in conductors. The skin 
effect distributes the current density to the outside of the 
conductor with little or no current flow on the interior. The 
depth of actual current flow is frequency and material 
dependent and must be calculated to optimize the sensitivity 
response of the system. A brief review of the applicable 


electromagnetic propagation theory is presented for background. 
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R.W.P. King developed the following derivation for current 
ШЕНЕУ distribution as a function of the radius in a tubular 
conductor’. Assuming a conductor of good conductivity 
surrounded on the inside and outside by “space” (i.e. vacuum), 
the potential functions from the Maxwell- Lorentz Equations for 


an electromagnetic field, 


ао (2-6) 
are applied. A is referred to as the vector potential and В 
is the phase constant.  Expressing equation (2-5) in 
cylindrical coordinates, the solution is made separable. The 


radial solution is the only solution of interest since the 
length of the overall conductor (i.e., wires plus tube) can be 
considered infinite with respect to the radius of the 
conductor. This permits the current density at any radial 
point, r, to be the same at any point, z, along the length. 


Differentiating the radial solution yields the Fourier 





Equation: 
QUO NE 
Lb тет ій ‚0 (2.72) 
ОХ ХОХ “ 


— 


where Е. jew. variable of integrationsender k ао 


— 
— 


conductor, k is equal to the phase constant, p, where p is 
defined as: 


B=(1-7)/Tf uo . (2-8) 


Solutions to the Fourier equation are well known Bessel 


Functions of zero order, first and second kind (J, and N,, 


respectively): 


А, (г) = Р, „(В үг) + D:N, (Br) (EOD 


? Ronold W. P. King, Fundamental Electromagnetic Theory, 2nd Ed. (New York: 
Dover Publications. 1963), pp. 350-356. 
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A,(r) is evaluated for each region depicted in Figure 2-4. If 


(k,b)?<<1 (a good assumption for the diameter of tube and 
conditions in a vacuum), then Á (r) is equal to a constant. The 
Mindamental electric vector, E,. is related to the potential 


шестог by: 


= — jo k? 
E, (r)- 2 4 (r) (2-10) 
Cn _ 
and the current density is simply: а 
2 м 72 
Me TE (De) «А 
И b V A 
ай (+ VA 
Since A (r) is constant, m is equal D |, 


r 


Цео. Substituting (2-10) into (2- 





9), differentiating and evaluating the 2 
constants of integration at the Figure 2-4. Tubudar 


boundaries, r-b and r-c yields: Conductor 


E, () - Dj 8, 0N (B, b) - NB, AG, b) (2-12) 


The final constant of integration, D, is eliminated by 
taking the ratio of Е. (+) фо Е (с). Substituting the expression 
mor the current density given by equation (2-11) into this 
palo, integrating over the area of the conductor from b to c 


and rearranging yields the current density as a function of 


— 


Moral applied current, Г: 


по E (E) LON - ХОЛ | a, 
5 TEN? J (Bi DN, (B, 5) - NB, DB 5) 


J and N, are Bessel Functions of Еее оссе гаа аа 


second kind. Тһе skin depth is simply the inverse of the 


magnitude of В|: 


38 





1 
Jus 


Figure 2-5 plots the current density for various values of 


DE (2-14) 


Db through the tubular wall for the alloy 600 Heat 96834 sample 
tube dimensions. Since the material factors which influence 


D, cannot be altered except by substituting sample material, 


Normalized Current Density 





Normalized Distance from Outer Wall 


7 beta*b-15 
^* beta*b-20 
^"  beta*b-25 
7"  beta*b-50 


Figure 2-5: Current Density as a Function of Distance from the 
Exterior Wall of a Tubular Conductor for Various Values of pb 


Figure 2-5 clearly shows the dependence of the skin depth upon 
frequency. For highly ferro-magnetic materials, even low 
frequencies will generate an appreciable skin effect, while 
non-ferro magnetic materials (such as alloy 600) must use much 


higher frequencies to generate any skin effect. At values of 


D, b below 10, the current density approaches an even 


distribution, typical of direct current, as one would expect. 
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Cliven the current density as calculated from equation (2- 
12), the potential drop between any two points on the conductor 
71 
equals 


Ji 
E 2 I (R4 jo L) 2 —i, (2-15) 
б 


ШЕ D, b is large resulting in significant skin effects 


(generally greater than or equal to 10 as discussed above) and 
the wall is sufficiently thick compared to the skin depth”? (er 


b24d,), then it can be shown that the surface impedance, Z,, 


equals: 
21 cE 
PELO 216) 
| 1,(с) 
where z, is the internal impedance given by: 
D; 147 
p lE (ode 
2n co 42 
Кенет Еле, (2-16) into (2-15) and relating to (2-14) yields: 
R=0 1--- (per unit length) 218) 
б 


or, more simply, the impedance is proportional to e This 


allows the potential drop to be increased at the surface of an 
AC system by increasing the frequency of the signal for a 
constant current through the conductor, thus increasing the 
sensitivity to small impedance changes. 

Application of the above theory to a potential drop system 
illustrates the advantages of such a system. As a crack 


develops of depth a, the length of current travel along the 


E I. Verpoest, E. Aernoudt, A. Deruyttere, and M. Neyrinck, "An Improved 


A.C. Potential Drop Method For Detecting Surface Microcracks During Fatigue 
Tests of Unnotched Specimens," Fatigue of Engineering Materials and 
Desuetures, Vol. 3 (1981),рр. 206-209. 

Ronold W. P. King, Fundamental Electromagnetic Theory, 2nd Ed. (New York: 
Dover Publications, 1963), p. 357. 
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surface is increased by 2a. The potential drop increases by a 


2 
Ratio of (128) according to equation (2-14). The measured 


potential drop can be a significant change if the applied 
frequency is high resulting in high surface impedance (equation 
2-17). If the skin depth is large compared to the wall 
thickness however, the measured potential may be small owing to 
a relatively low surface impedance, though any skin effect will 
enhance the detection over resistance changes due to area 
changes required for DC system operation. The potential drop 
sensitivity to small changes in surface impedance of AC systems 
when applied to crack detection has achieved a sensitivity as 
small as 50um in crack depth”. 

There is a consequence of the application of high 
frequency AC signals which must be considered. It has been 


found”* during operation of AC potential systems that an error 


~ 


proportional to f vice the Jf is == 
induced on the measured potential. 
This voltage error is attributed to | | — = 


*inductive pickup". The higher the I 





frequency employed, the larger the 
inductive effect. The leads which 


Beaten toe the tubular conductor form 

Елашке 2 0: “Inductive 
Coil" Setup by Pick-Up 
generates an oscillating magnetic Wires on the Tube 


Беси (Figure 2-6). This coil 


field and associated voltage on the 


B. s. Hwang, "Embrittlement Mechanisms of Nickel-Base Alloys in Water" 
(Ph.D. dissertation, Department of Nuclear Engineering, Massachusetts 
Шс л шге of Technology. 1987). p. 101. 

F.D.W. Charlesworth and W.D. Dover, “Some Aspects of Crack Detection and 
Sizing using A.C. Field Measurements,” The Measurement of Crack Length and 
Shape During Fracture and Fatigue, ed. C. J. Beevers (West Midlands, 
WREEMAS, 1982), р. 258. 
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conductors (wire and tube). This inductive “load” can reduce 
the sensitivity of the system by raising the “noise” level of 
the received potential measurement. The higher potential level 
requires a greater change in 1, thus a larger crack 
penetration, for crack detection. For non-ferro-magnetic 
materials, this error can be near 100% of the applied 

voltage" 

In summary, the AC potential drop method has proved 
superior to the DC potential drop method for use in high 
temperature and pressure, corrosive environments. In DC 
potential drop, large currents are required to obtain a 
potential drop which is measurable. For sensitivity to crack 
size, the current must be stable to within 0.01%, which is 
difficult at the required high currents’. Additionally, 
thermoelectric effects from these currents result in a bias of 
the measured potential. 

Shortcomings of the DC potential drop technique are 
overcome by using an alternating current source. The AC 
current yields an increased potential drop for the same applied 
current, provides noise rejection and is more sensitive to a 
given crack size than DC potential drop. The ability to vary 
the frequency, limited only by available equipment, allows the 
sensitivity to be further improved by taking advantage of skin 
effect. 

Several shortcomings of the AC potential drop technique 
must also be considered. Use of the AC potential drop 


technique requires well-insulated probe leads, and sensitivity 


Z5 


Ibid., p. 258. 
76 P 


I.S. Hwang and R.G. Ballinger, "A multi-frequency AC potential drop 
technique for the detection of small cracks," Measurement Science 
Technology, Vol. 3,(1992),p. 63. 
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is a function of probe spacing.  Inductive effects, especially at 
higher frequencies, can result in induced voltages in the probe 
leads. These induced voltages can mask potential changes due to 
crack initiation and growth, thereby decreasing sensitivity. Thus 
a tradeoff must be made between induced voltages and increasing 
current densities for optimal crack sensitivity. Further, the 
non-magnetic properties of alloy 600 (as well as many other 
alloys) require the use of high frequencies to take advantage of 
the higher current densities present from skin effect. The 
larger skin effect depths require a reduction in the probe 
Spacing to maintain the same sensitivity as in a magnetic 
material. This obviously requires the area of crack initiation to 


be localized during any experimental observations. 


2.5 Present Research 


The literature clearly identifies many possible factors 
influencing ICSCC in alloy 600. Experiments conducted by the 
numerous researchers cited have presented IGSCC data for alloy 
600 based on standard ASTM test samples, C-rings or wires tested 
in a laboratory environment. Actual detection of IGSCC in-situ 
and the stress conditions present during initiation have not been 
measured. Additionally, no test data is available for steam 
generator tube samples subjected to laboratory experiments for 


comparison to these parameters. 


The focus of the present research was separated into two 
phases. During phase one, an experimental test apparatus capable 
of duplicating an in-situ steam generator environment and 
subjecting alloy 600 tube samples to various wall stresses was 
constructed. The goal of the testing was to prove crack 
detection in alloy 600 tubes under in-situ conditions was 


possible using an ACPD system. 
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In phase two, actual alloy 600 tubing crack growth rate data 
for various applied stress intensities was collected for 
comparison to the literature results. Use of the ACPD system 
allowed monitoring of the crack growth rate while subjecting the 


Бено various stress intensities. 
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3. Experimental Apparatus 


An autoclave system provides the environment necessary to 
accelerate the formation of stress corrosion cracks on a sample 
tube from the normal in-situ steam generator environment. The 
system allows for monitoring of the sample tube with an 
Alternating Current Potential Drop (ACPD) system and control 
functions to maintain environmental conditions and safety. The 
system was designed to allow a sample tube to be internally 
pressurized to approximately 150% of yield strength and 
плете а: а temperature of 315£1'C. The operating fluid is 
0.1% Na,CO, and 10% NaOH by weight which equates to a pH of 10 
at 315°C. A similar system was developed to detect crack 
initiation successfully in a neutral environment at room 
temperature . Further, the system includes the capability to 
inject inhibitors and evaluate their ability to arrest crack 
growth. The autoclave system is illustrated schematically in 


Боге 3-1. 


3.1 Mechanical System Description 


The mechanical portion of the system consists of four 
components: (1) the autoclave and heating system (2) an 
autoclave recirculation loop (3) a static pressurization system 
and (4) a sample pressurization system. The autoclave system is 
designed to maintain the autoclave fluid subcooled in either a 
recirculation or static operating mode. The system may be 


operated in either mode with no mechanical alterations required, 


1 Т1 Soon Hwang, "Embrittlement Mechanisms of Nickel-Based Alloys in Water," 


PhD Dissertation (Massachusetts Institute of Technology, 1987),pp. 96-121. 
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Autoclave System Showing Recirculation, Static and 


Figure 3-1: 


Pressurization Systems 
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Additionally, the mechanical system incorporates several safety 
and control features. Detailed construction drawings are 


contained in Appendix 3. 


3.1.1 Autoclave and Heating System 


A one gallon, nickel-200 
autoclave is used to contain 
the sample tube, heat the 
EInSude solution to 315'C and 
provide the required strength 
to maintain the caustic 
solution at a subcooled 
pressure. The vessel has a 
maximum allowed working 
pressure of 12.4 MPa (1800 
јео 315 C. The autoclave 
has a bolt-on head that has 
been modified with the addition 
of six one foot long nipples. 
The nipples are machined from 
nickel-200 bar stock that has 
been bored with a 6.4 mm (0.25 


in) hole. The nipples are 





meerteaq into the autoclave 


head and welded and have a 1/4 Figure 3-2: Autoclave with Heating 


қ | Mantle Showing Recirculation and 
National Pipe Thread (NPT) male ee 


thread machined into the 

opposite end. The nipples provide fittings for connecting the 
recirculation and static systems, penetrations for the ACPD 
electrical connections, sample pressurization tube and dual 
junction thermocouple. Each nipple has an external copper and 


bronze cooling jacket to maintain the stainless steel fittings 
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below 100°C, averting possible failure from caustic stress 
corrosion. The cooling jackets are provided with chilled water 


from the building chilled water system. 


The autoclave is heated by an external heating mantle. The 
mantle has a maximum heat output of 2700 watts from three 
elements in the mantle which are supplied with 250 volts each. 
Control of the mantle heat output is by turning any one or all 


che elements on and off. 


3.1.2 Recirculation Loop 


When operating in recirculation mode, the necessary liquid 
pressure and flow rate are developed by a Model 610 Pulsa-feeder 
pump. This pump is a positive displacement, wormgear reduction 
diaphragm pump capable of a maximum flow rate of 20 ml/min. 
ИБ) а а head up to 20 MPa (3000 psig). To simplify 
operation, the pump is made self-priming by locating the suction 


below a 200 liter storage tank. 


All tubing used to deliver the working fluid to and from 
ы Ил ос ауе is commercially procured 6.4 mm (0.25 in) x 1.6 mm 
(0.065 in) wall 316 stainless steel tubing rated at 70 MPa 
(10,000 psig) working pressure and conforming to ASTM standard 
A269/A213. 


All fittings used to assemble the tubing are Parker 
Biainiless steel CPI/A-Lok (working pressure rating ot 70 MPa) or 
National Pipe Thread (NPT) (minimum working pressure of 42 MPa 
(6100 psig)). 


All acolation valves are Parker ball valves: with 316 
stainless steel bodies and Teflon or Kel-F seats. The maximum 
working pressure of any isolation valve is 20 MPa (3000 psig), 


minimum. 
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A backpressure regulator, Tescom model 26-1724-24, on the 
fluid return line from the autoclave, maintains the desired 
fluid pressure in the autoclave. The regulator is stainless 
steel with teflon seats and is rated from 0 to 17.2 MPa (2500 


psig). 


A 200 liter (50 gallon) stainless steel tank with a quartz 
sight glass provides a supply and return reservoir. Purging and 
agitation of the fluid stored in the tank are accomplished via a 
E umm (0.25 in) nickel tube incorporated into the tank. An 
inert gas supply is attached to the end fitting and is bubbled 
through the fluid. The tank can be pressurized to a maximum 
pressure of 68 kPa (10 psig) and vented through a Parker CPI 
fitting at the tank top. The tank sits on a stand to allow easy 
access to the recirculation pump isolation valve and to a 


Conax® fitting, which allows internal potentials to be 


monitored. 


3.1.3 Static System 


In static mode operation, the system is pressurized with 
Grade 5 hydrogen. A gap of at least 25 mm (1 in) is maintained 
below the autoclave head as a gas space. The pressure source is 
a 40 MPa (6000 psig), 14000 liter (500 ft’) Grade 5 hydrogen 
bottle procured from a commercial vendor. A transfer hose, 
Normally used in hydraulic applications, which is non-conducting 
and rated to 70 MPa (10,000 psig) directs the gas to a 
regulator. Pressure in the tank is monitored by a mechanical 


gauge attached at the outlet. 


The pressure in the autoclave is maintained by a gas 
regulator obtained from Grove, Inc., model 15LHX. It has a 
stainless steel casing with stainless steel internal components 


and has a working pressure range from 0 to 41.3 MPa (6000 psig). 
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The regulator has a relief feature which allows pressure to be 
maintained within the desired range once set. Outlet gas from 
the regulator travels via a scrubber before reaching the 


autoclave. 


A scrubber is used to prevent hot caustic from reaching the 
regulator when gas is relieved from the autoclave to maintain 
the upper pressure setpoint. Hot caustic present in gas would 
quickly corrode the internal stainless steel regulator parts, 
resulting in regulator failure. The scrubber consists of a 
titanium 4 liter (1 gallon) autoclave (High Pressure Equipment 
Model BC-4) with a working pressure of 15.2 MPa (2200 psig). 
The autoclave is maintained cold and is filled 50% with 
deionized water. Returning gas passes through the water and is 
chilled by natural convection and conduction prior to entering 
the regulator for discharge to the atmosphere. During the 
cooling process, the caustic entrained in the hot hydrogen gas 


Heonwecondensed into the water. 


Two Parker stainless steel check valves with a 70 kPa lift 
pressure prevent short circuiting of the scrubber by the return 


gas. The check valves have a working pressure of 20 MPa. 


Tubing, fittings and valves used exclusively by the static 
system are identical to those described for use in the 


recirculation system. 


3.1.4 Sample Pressurization System 


Internal sample pressurization is accomplished with 
nitrogen. To obtain the required sample internal pressure, 
commercial Grade 4.8 nitrogen from a 8500 liter (300 ft’) gas 
bottle supplies a Haskel gas booster pump. The pump, Model AG 
152, is capable of reaching pressures of 140 MPa (20,000 psig). 
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The outlet pressure is controlled using compressed air and a 


regulator. 


All tubing in the sample pressurization system is 3.2 mm 
Q5) by 0.9 mm (0.035 in) wall 316 stainless steel and is 
rated to a maximum allowed working pressure of 100 MPa (15,000 
psig). A non-conductive hose, normally used in hydraulic 
applications, connects the sample with the pressurization 
system. The maximum allowed working pressure of the hose is 


10000 psig. 


All valves, except the diaphragm isolation valve, are 
Autoclave Engineer series 10V2, 316 stainless steel with allowed 
working pressures to 80 MPa (11500 psig). The diaphragm 
isolation valve is an air-to-close Autoclave Engineer Series 
10V2 with a maximum working pressure of 75 MPa (11000 psig). 
This isolation valve is normally open and is shut by 275 to 480 


kPa (40 to 70 psig) air pressure. 


Fittings are Autoclave Engineer low pressure fittings with 
a maximum allowed working pressure of 80 MPa, Parker NPT 
fittings with maximum allowed working pressures of 50 MPa (7100 
psig), and Boston Hydraulic fittings with maximum allowed 


working pressures of 70 MPa. 


3.2 Control Systems 


Autoclave and sample pressures are monitored by pressure 
transducers, Model P-605, manufactured by Omega Engineering. 
The internal autoclave temperature is monitored from a dual 
junction Type K nickel sheathed thermocouple installed through 
the autoclave head. The transducers and one junction of the 
thermocouple provide input to six model DP-41E meters, also 


manufactured by Omega Engineering, which provide visual readout 
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and control functions. Additionally, the pressure readings are 
recorded and displayed versus time on a Gateway 486 
microprocessor via a Hewlett Packard 3852A Data Acquisition and 


Control Unit. 


Heater control is provided by an Omega Engineering CN9000 
microprocessor controller. The controller is a proportional - 
integral-differential controller and is tuned to allow 
temperature to be maintained within a 1 degree Celsius band. 
Input for the controller is from the dual junction Type K 


nickel-sheathed thermocouple installed in the autoclave. 


3.3 Safety Systems 


The heater control and pressurization systems are 
interlocked to prevent startup if autoclave pressure conditions 
are not met and to shut down the system safely if autoclave 
pressure control is lost or a sample through-wall rupture 
occurs. The system logic electrically disconnects the autoclave 
heating system should subcooled conditions be lost, autoclave 
Penperature rise above 325 C, nitrogen pressure fall to а low 
specification (variable dependent on desired wall stress) or 
autoclave pressure rise above 13.8 MPa (2000 psig). 
Additionally, If the logie circuit initiates a trip, air is 
isolated to the Haskel booster pump and the sample nitrogen 
pressure dumped via the diaphragm valve, preventing over 
pressurization of the sample. A common collection system 
equipped with an air cooling coil and collection bottle prevents 
hot caustic from becoming airborne. A schematic diagram of the 
interlock system is shown in Figure 3-3. A detailed wiring 


diagram is in Appendix 3. 


The sample and autoclave pressurization systems are 


protected from over pressure by rupture disk assemblies. The 


D 





autoclave rupture disk is installed in the 6.4 mm tubing line 
between the recirculation pump and the autoclave and is not 
isolable from the static system when operated in that mode. It 
provides over pressure protection at 20 MPa. The Sample 


Pressurization system has a similar rupture disk which provides 


Protection at /0 MPa. 


+ 


115 VAC 
SERVICE POWER 


| 


505-1 


C-LP-1 
125VAC-S 


125VAC-LC 


NP-1-P6-NC 
а 
Jj EMERGENCY 
о DUMP 
ACP-2-P6-NC 
N 
Nm a а. 
Ф A о 
d ОЗЕ Ie е 
х 3 g 
2 SYSTEM OVERRIDES; Ф - S 
EN SWITCH о z 9 
ACP-1-P6-NC z M 
с? 
I 
о 
d ACT-1-P6-NC 7 
a 
z y 
E 
о 
АСТ-2-Р6-МС 
e 
N-S-1 о N-S-2 


Figure 3-3: Interlock Control System Schematic 


For personnel safety, the recirculation and pressurization 
systems are housed in a single cabinet open in the back and 
right sides for installation of services and maintenance. The 
cabinet also houses the Omega DP41 meters which are separated 
from the mechanical equipment and tubing by a Plexiglas spray 
shield. All wiring below the spray shield is contained in anti- 
corrosive, wet environment 13 mm flexible cable rated for this 


use. Polyethylene collecting pans are installed below the tank, 
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cabinet and pressure vessel to prevent caustic from reaching the 


ped floor. 


3.4 Test Sample 
3.4.1 Material 


The material selected for use in this work is a 2.2 cm diameter 
alloy 600 tubing, heat number 96834, fabricated by Babcock and 
Wilcox Company, with a 1.4 mm wall thickness. The tubing has 
been low temperature annealed at 927+14°С?. Important 
mechanical properties of this heat are contained in Table 3-1. 
This particular heat has demonstrated susceptibility to 


environmentally assisted cracking during in-service conditions. 


Table 3-2 illustrates the composition of the as-tested 
material compared to the chemical composition provided by the 
manufacturer and the limiting chemical composition provided by 
Inco Alloys International for Inconel Alloy 600 compositions. 
The chemical composition of the as-tested material was 
determined by electron dispersive x-ray spectroscopy (EDX) 


E youre 3-4). 


Rdiocure 3-5 illustrates the typical microstructure in three 
directions of alloy 600 Heat 96834, low temperature annealed 
material. The sample was prepared by polishing to a 1 jum finish 
and electro-etching in a 5% nitric acid- 95% methanol solution 
Ep volts for approximately 20 seconds. From Figure 3-5, this 


particular heat of alloy 600 shows an equiaxed grain structure 


ШЕ С. Ballinger and I.S. Hwang, "Characterization of Microstructure and 


IGSCC of Alloy 600 Steam Generator Tubing." Final Report, EPRI TR-101983, 
(Palo Alto: Electric Power Research Institute, February 1993), p. 2-1. 
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with an average grain size of 35um'. ЕЕ а SEM 
mierograph of the tubing oriented in the longitudinal (L) 
direction showing a large number of intragranular precipitates. 
These precipitates have been investigated" and found to be 
primarily carbides. Additionally, discontinuous carbides also 


reside at the grain boundaries. 


Table 3-1: Mechanical Properties of Heat 96834 










ee == 


Limiting 

Chemical ou Sco oO so 55 
Composition j max max max max | max 

B&W 96834 
Manufacturer : : Ds 0550726 О Ооо 
Composition^ 2 
EDX Analysis ; З 5 E 0.1 = © 5 5 
Composition 


* Composition not detected 





Table 3-2 : Chemical Composition of Alloy 600 


ШЕ С. Ballinger and I.S. Hwang, "Characterization of Microstructure and 


IGSCC of Alloy 600 Steam Generator Tubing",Final Report, EPRI TR-101983 
(Palo Alto: Electric Power Research Institute, February 1993), p. 3-56. 
Hr. s. Hwang, "Embrittlement Mechanisms of Nickel-Base Alloys in Water" 
(Ph.D. dissertation, Department of Nuclear Engineering, Massachusetts 
Institute of Technology, 1987), р. 187. 


^ Inconel, Inco Alloys International (Huntington, WV:Inco Alloys 
international, Inc.). 

E.G. Ballinger and I.S. Hwang, "Characterization of Microstructure and 
IGSCC of Alloy 600 Steam Generator Tubing", Final Report, EPRI TR-101983 
(Palo Alto: Electric Power Research Institute, February 1993), p.2-2. 
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EDX Composition for Alloy 600 (Heat B6LA) 
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Figure 3-4: EDX of alloy 600 Heat 96834 (Low Temperature Anneal) 
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Figure 3-5: Three Dimensional SEM Micrograph of Heat 96834 (longitudinal, L; 
transverse, T; short transverse, S). 
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Figure 3-6: Heat 96834 SEM Micrograph Showing Intragranular Precipitates 


3.4.2 Sample Construction 


The test sample is a 10 cm long section of steam generator 
tube with a cap welded to each end. A ceramic spacer is placed 
in the interior of the sample to minimize the pressurization 
volume. On one endcap, a 3.2 mm hole is drilled and a 3.2 mm by 
boum tube, approximately 50 cm long, is welded into the joint. 
This tube connects the nitrogen pressurization system to the 


test sample. 


Two sets of samples were manufactured. The first had a 2 
cm wide band around the center of the interior wall thinned to 
0.8 mm. This enabled higher wall stresses to be obtained at 
lower internal nitrogen pressures. The second set of samples 
had a fatigue crack induced at the test area of the sample. 


This pre-crack allowed accurate predictions of initial stress 


Э? 





concentrations to be made. A detailed discussion of this method 


can be found in the experimental procedures section. 


Figure 3-7 shows a simplified schematic of the two test 





samples. Appendix 3 contains the detailed schematics. 
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Figure 3-7: Simplified Schematic of Test Samples Illustrating Machining 
Differences in the Tube Sections 


3.5 Alternating Current Potential Drop (ACPD) System 


The ACPD system is based on one developed by Hwang/'^. The 
actual system cabinet is shown in Figure 3-8. A schematic 
diagram is shown in Figure 3-9. Data collection is automated 
and no operator intervention is necessary once the system is 


started. One significant improvement is the use of a Gateway 


' Il Soon Hwang, "Embrittlement Mechanisms of Nickel-Based Alloys in Water," 


PhD Dissertation (Massachusetts Institute of Technology, 1987),pp.96-121. 
* R.G. Ballinger,and I.S. Hwang, "Characterization of Microstructure and 
IGSCC of Alloy 600 Steam Generator Tubing," Final Report, EPRI TR-101983, 
(Palo Alto: Electric Power Research Institute, February 1993),p. 2-54. 
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486 Personal Computer using LABVIEW®. This software provided a 


better graphics display and simplified final data analysis. 


The ACPD system provides a multifrequency capability 
through the use of a Hewlett Packard Multi-Frequency Function 
Generator (Model 3325A). The input signal to the test sample is 
peovided by a high stability AC current driver, Model 465-35, 
manufactured by Perry Amplifier, which combines an operator 
selectable DC input signal with the AC output of the Multi- 
Frequency Function Generator. The output signal from the test 
sample is amplified by a Perry Amplifier Model 675D Low 
Impedance Pre-Amplifier. The signal is discriminated against 
background noise by a microprocessor controlled, high 
sensitivity Princeton Applied Research Model 5301 Lock-in 
Amplifier and passed to the Gateway 486 PC through a Hewlett 
Packard Model 3488A Switch Control Unit. 
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Figure 3-8:  ACPD Test Stand 
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Figure 3-9: ACPD System Schematic 
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4. Experimental Procedure 


The experimental program was divided into two distinct 
phases. During phase one, the ACPD system proof of principle 
was to be accomplished. In phase two, the focus was on crack 
initiation and growth on tubing. To expedite the SCC 
initiation and growth process, a fatigue pre-crack was induced 
in the samples for phase two. The system operation remains 
identical in both cases. Detailed step by step operating 


procedures are in Appendix 2. 


4.1 ACPD Proof of Principle Testing 


During phase one, the goal was to demonstrate the ability 
of the ACPD system to detect cracks in conditions similar to 
in-situ steam generator conditions. The system was operated in 
static mode for this phase of testing. Figure 4-1 shows a 
welded test sample. Approximately 2 cm of the interior wall 
was thinned to 0.8 mm to allow a greater stress range to be 
applied without exceeding the pressurization system 
specifications. Detailed construction drawings are in Appendix 


2. 


Test Area 





Figure 4-1: Welded Test Sample. 
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After welding, the sample was electroless nickel plated in 
all areas except a small area in which crack initiation was 
expected. The plating prevented SCC initiation at sites beyond 
that monitored by the ACPD test probes. Crack initiation and 
growth were expected in the axial direction since the hoop 
Stress is greater by a factor of two than the axial stress in 
the cylinder. The test site consisted of an area no greater 
than 1 mm across in the circumferential direction to improve 
crack detection sensitivity, by 3 mm wide in the axial 
direction, roughly the weld contact area of the output probes 
to the ACPD system. This area was masked off with Miccro Super 
XP 2000 micro-stop and allowed to dry 24 hours to ensure mask 


cohesion. 


Electrical isolation of the sample and ACPD probes was 
necessary to maximize output gain from the ACPD. Figure 4-2 
shows schematically the sample tube installation into the 
autoclave head. If grounds exist, current across the test site 
is reduced and overall potential drop is lowered. The sample 
was electrically isolated along the pressurization tube by 
encasing the tube in High Operating Temperature Teflon (TFE) 
(Alpha Wire Corporation, No. FIT-500). This teflon insulation 
was also used on all input and output ACPD leads to the sample. 
The sample was passed through one of the autoclave head 
nipples via an electrically isolable Conax® fitting (Conax 
Corporation catalog number EGT-125-A). ACPD system input (one 
set) and output (test and reference area) probe wires were 
similarly passed through separate nipples to prevent inductive 


interference and through Conax® fittings TG-24-A4. 
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- ACPD Pick-Up Wires Installed 
Through CONAX Fitting 
(input wires installed through another 


Pressurization Tube Installed CONAX fitting, not shown) 


Through CONAX Fitting 
(see Appendix 3 for details) 


Cut Away View of ~~~ 


Autoclave Head Nipple Autoclave Head 
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Figure 4-2: Schematic of Sample Tube Installed Into Autoclave Head 


The input and output probe wires were then welded to the 


sample. The input probes were welded along the same axial 


plane as the test area at approximately +90 degrees azimuth. 


The reference area was chosen along the same axial plane 


between one input probe and the test area. Input wire spacing 


гіс спе reference area should be the Same as the test area to 
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Peovide initially identical potential drop signals. Figure 4-3 
shows the completed head and sample assembly. The entire 
sample, less the masked off test area, was then nickel plated 
using a plating procedure developed by Morra for surface 


specimen preservation (detailed procedure is in Appendix 2). 





Figure 4-3: Sample Assembled into Autoclave Head Showing ACPD Input and 
Output Wires, Thermocouple, Level Sensing and Nickel Reference Electrode 


Following completion of the plating process, the masking 
was removed from the test area. A small sharp surface scratch 
was placed in the test area to aid in stress concentration. 
The thermocouple (not electrically isolated), nickel reference 


electrode and several wires for fluid level measurement by 


*M. M. Morra, J. М. Morra and R. R. Biederman, “A Technique for the 


Preparation of Powders for Examination by Transmission Electron 
Microscopy”, Materials Science and Engineering, A124 (1990) pp. 55-64. 
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potential were installed in the head following the procedures 


ЕС Гог the ACPD wire installation. 


The caustic solution was prepared using 10% NaOH and 0.1% 
Ма,СО, by weight in deionized water. Тһе Ма,СО; was added to 
accelerate the corrosion process’. 2600 ml of solution was 
prepared and added to the autoclave to allow for a minimum of 3 


cm (1.5 inches) of gas volume at the top. 


The head assembly was installed and torqued to 170 to 190 
Teme 125 to 140 ft-lbs). Cooling tubes were attached to the 
head nipples. All external tubing connections for the 
static/recirculation system were attached to provide the 
hydrogen pressurization path. Electrical connections to the 
thermocouple and polarization system were completed. ACPD 
constant current transformer outputs were connected to the 
probe input leads. The reference and test area leads were each 
connected to a separate Perry preamplifier. The ACPD system 
was started and output signals observed for stability (noise, 
transients and signal level) using an oscilloscope and 


monitoring the computer output. 


The system and autoclave volume were purged of oxygen with 
grade 5 hydrogen. Purging consisted of flowing hydrogen at 15 
kPa (about 2 psig) through the Parker tee on the outlet tube 
and exhausting through each nipple vent (ACV-1 through 6) for 
approximately 15 minutes each. An alternate purge consisted of 
using the hydrogen supplied to the scrubber and again 


exhausting through each nipple vent for 15 minutes. The system 


? R. Bandy, R. Roberge, and D. van Rooyen, “Intergranular Failures in Alloy 


600 in High Temperature Caustic Environments,” Corrosion-NACE, Vol. 41 No.3 
March 1985),pp. 142-151. 


65 





passthen pressurized to 3.5 MPa (500 psig) through the scrubber 
by opening REG-2 and leak checked at all fittings. 


Detailed system startup procedures are in Appendix 2. The 


system hydrogen overpressure was raised to 12.4+0.5 MPa 
(1800£50 psig). The heating circuit was energized and 
mitoebave temperature raised to 315+1°C. Once at temperature, 


the ACPD signals were again monitored for stability. The 
desired stress across the wall was obtained by operating the 
sample nitrogen pressurization system to obtain the desired 
differential pressure. During this phase of testing, internal 
Mogen pressure was raised to approximately 45.5 MPa (6600 


psig) to provide a nominal wall stress of 140*. 


To aid in SCC initiation, the sample potential was 
polarized anodically with respect to the nickel autoclave. As 
seen in Figure 4-4, the corrosion current is significant at 
potentials greater than +150 mV versus nickel. In fact, 
previous testing has shown that SCC does not occur at 
potentials below +100 mV versus nickel’. Due to the relatively 
large surface area of the test sample, a DC constant voltage 
power supply (Hewlett Packard Model 6023A) was used. The 
positive terminal was attached to the sample pressurization 
tube and the negative terminal to the autoclave (counter- 
electrode). The potential versus nickel was monitored using 
the electrically isolated nickel electrode installed throush 


the autoclave head and a high impedance voltmeter (Keithly 


? 7. B. Lumsden, S. L. Jeanjaquet, J. P. N. Paine and A. McIlree, 


"Mechanism and Effectiveness of Inhibitors for SCC in a Caustic 
Environment," Seventh International Symposium on Environmental Degradation 
of Materials in Nuclear Power Systems - Water Reactors, Vol. 1, 
(Breckenridge, CO: NACE International, August 7-10,1995), pp. 317-325. 
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Programmable Electrometer, Model 617).  Potentials were 
maintained between +150 mV and 220 mV versus nickel during this 
phase of testing. If drift in the applied potential is noted 
during the course of the test due to the lack of a feedback 
loop to the power supply, adjustment to the applied potential 


must be made to prevent drifting outside the desired band. 
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Figure 4-4: Polarization Curve for Alloy 600 at 300C in 10% NaOH* 


During phase one, the potential drop for the test area was 


monitored versus the reference area. The test was terminated 


“В. Scarberry, "Corrosion of Nickel Based Alloys", Conference Proceedings, 


American Society of Metals, Metals Park, 1985. 
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when a 50% rise in test area potential drop was indicated with 


no associated increase in the reference area potential drop. 


4.2 Crack Initiation and Growth Measurements 


Following successful completion of the ACPD proof of 
principle testing, phase two tests were conducted to obtain 
crack growth data from the steam generator tube samples. The 
ACPD system was used to detect crack initiation and monitor 
growth rate. Stress intensity calculations were made based on 
a finite element analysis of the crack geometry. The data 
obtained was then compared to data obtained from other 


researchers using non-tube samples. 


Crack initiation times were reduced by inducing axial 
fatigue cracks in the tube test area prior to inserting into 
the autoclave. Axial fatigue cracks were initiated at the test 
site by applying a circumferential load along one axial point 
Mette an MTS fatigue frame. The initiation site occurs at 90 
degrees to the load axis by machining a pre-crack with a small 
grinding tool. This increases the stress at this point beyond 
that experienced along the load axis. The site was monitored 
with a strobe and fatigue crack length measured. The fatigue 
growth was stopped when cracks were visible on each side of the 
pre-flaw. Measurements on several tubes showed that this 
produced an approximate elliptical crack front. The stress 
intensity factor can be calculated using a finite element 


analysis of Newman and Raju knowing the surface length of the 


? J. C. Newman Jr., and I. S. Raju, "An Empirical Stress Intensity Factor 


Equation for the Surface Crack," Engineering Fracture Mechanics, Vol. 15, 
EE UI-2(Great Britain: 1981), рр. 185-192. 
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a. | 


fatigue crack. Final stress intensity was less than 25 MPaYm. 


The fatigue pre-cracks were initiated on the sample tubes prior 


to welding the caps. 


Preparation of the sample, installation and operation of 
the system were identical to phase one. Pickup probes were 
carefully welded to each side of the pre-crack. The sample was 
plated ensuring adequate masking of the pre-crack area to avoid 
plating into the pre-crack. The caustic solution was identical 
to phase one and the sample was again polarized to +150 to 220 


mV versus nickel. 


At the conclusion of the test, the tube sample was removed 
and the axial ring encompassing the test area cut from the 
tube. The ring was fractured ductilely in tension using the 
MTS Test System to expose the IGSCC growth area. Measurement 
of the fatigue, IGSCC and ductile areas allowed calculation of 
the stress intensities for the applied stress. Growth rates 


were measured from the ACPD data. 
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5. Results 


SI ACPD Proof of Principle Testing 


The goal of this phase of testing was to prove the 
operability of the ACPD detection system to detect IGSCC 
initiation and growth under in-situ steam generator secondary 


conditions. 


The initial data showed the potential drop beginning to 
басе within the first 10 hours of the start of the test (Figure 
5-1). A steady increase in the potential drop continued for 68 
hours at which time a sharp increase in the signal occurred. 
The sample wall stress was reduced by decreasing the internal 
sample pressure to check the validity of the potential drop 
signal (Figure 5-2). A drop in the potential indicated the 
possibility that crack initiation had occurred. The sample 
remained in the depressurized condition for approximately 12 
hours. Repressurization of the sample demonstrated a return to 
the potential drop level previously recorded. The test was 


berminated at 140 hours when no further crack growth was noted. 


A close visual examination under the stereoscopic 


microscope revealed no cracking of the wall in the test area of 


the sample. However, circumferential cracking of one of the 
test area pickup probes was noted. The crack appeared to be 50% 
through the 0.5 mm diameter wire. Normalizing the potential 


drop data clearly showed a rise in the test area signal with 


Beepect to the reference area (Figure 5-3). 
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Figure 5-1: Potential Drop for the Test and Reference Areas. 
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Figure 5-2: Sample Temperature and Wall Stress (Percent of 0.2% Yield 
Stress). 
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Figure 5-3: Test Area Potential Drop Normalized With Respect To the 
Reference Área for Figure 5-2. 
Although the cracking did not occur in the sample, the test 
did show the ability of the ACPD system to detect crack 


initiation and growth in the caustic environment at temperature. 


Additional data to confirm ACPD operation under in-situ 


steam generator conditions is presented in Figures 5-4 through 


5-6. For this sample, the initial wall stress was set to 90% of 
yield stress. The sample was polarized to +225+5 mV versus 
nickel based on previous studies by Bandy, ЕЕ а Subsequent 


increases in wall stress in an attempt to expedite crack 


ER tiation occurred at the 400, 510, 600 and 740 hour points 


ER. Bandy, R. Roberge and D. van Rooyen, “Intergranular Failures in Alloy 


600 in High Temperature Caustic Environments," Corrosion-NACE, Vol. 41, No. 
Be (March 1985),pp. 144-145. 
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Шіспге 5-4). 


TInerementalr inereases were used te ensure 


pressurization system integrity and to attempt to find the 


lowest optimum stress for crack initiation. 
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Figure 5-4: Sample Temperature and Wall Stress (Percent of 0.2% Yield 


Stress). 


Two frequencies, 1 kHz and 10 kHz, were used at 800 mA and 


monitored by the ACPD system. The use of dual frequencies in 


these ranges allowed a relatively low frequency signal (which 


can be considered direct current (DC) from a skin effect 


viewpoint) and an alternating current (AC) signal, with some 


minor skin effect and minimal induction effects, to be used for 


detection and comparison. 


Figure 5-5 plots the results of the potential drop 


measurements. 


Although no significant increase in the test area 


Potential drop occurred, the reference area displays a 


73 





significant increase in both the 1 and 10 kHz signals. 


A sharp 


rise in the 1 kHz signal is easily seen at the 1400 hour point 


tae the test. 


The potential drop measurements were normalized 


for the reference signal with respect to the test area signal 


сиве 5-6). 


520 until test termination is clearly seen. 
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Figure 5-6: Normalized Potential Drop for Figure 5-5. 
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Potential Drop for Test and Reference Areas. 


The steady rise in the 10 kHz signal from hour 
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After operation for 1540 hours, the sample was 
depressurized and the autoclave cooled for sample inspection. 
Close visual examination under the stereoscopic microscope 
showed an approximately 2 mm long crack emanating from beneath 
the right reference area pick-up probe (Figure 5-7). Several 
smaller surface cracks were also noted. The tube was sectioned 
and the crack surface opened under tension. The area of 
intergranular stress corrosion cracking is well defined under 


DEN examination (Figures 5-8 and 5-9). 
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Figure 5-7: Stereoscopic Composite of Sample Surface Showing Crack Emanating 
From Beneath the Reference Area Probe. 


47% 


IGSCC | Du Spot Weld 





Figure 5-8: SEM Composite Micrograph of the Reference Area Fracture Surface. 
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Figure 5-9: SEM Composite Micrograph of the Opposite Side of the Reference 
Area Fracture Surface. Note the Secondary IGSCC Cracks Apparent on the 
Surface Near the Primary Site. 


Figures 5-10 and 5-11 are magnified micrographs of the 
areas indicated in Figure 5-8. The dimple effect of the ductile 
failure region in contrast to the easily distinguished grains 
and lack of deformation in the indicated IGSCC region are 
clearly seen. The area of interest is clearly the result of 
IGSCC, not ductile fracture. The boundary area micrograph in 


Биеке 5-12 І1ІТйеттагев the transition region. 
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Figure 5-10: SEM Micrograph of Region 1 Clearly Showing IGSCC In This 
Region. 
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Figure 5-11: 
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Figure 5-12: Ductile-IGSCC Transition Region. 
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The results of the potential drop measurements and 
subsequent confirmation of IGSCC demonstrate the successful 
application of the test system and the ability of the ACPD to 


detect cracks under in-situ steam generator conditions. 


5.2 Crack Initiation and Growth Measurements 


With the successful completion of the phase one testing, 
the test system was used to obtain crack growth data. Initial 
data was provided from a sample used in phase one. With the 
correlation of the potential drop with the IGSCC growth 
established, the micrographs and data taken from the ACPD were 


used to obtain stress intensity and crack growth measurements. 


Figure 5-13 is the composite micrograph of the fracture 
surface of the sample. The white arcs outline the five 
individual crack fronts. In each case, the fronts are 
approximately elliptical in shape. Measurements of the crack 
front depth and length were performed. Based on the empirical 
relationships developed by J.C. Newman Jr. and I.S. Raju’ for 
this geometry, the stress intensity factors were calculated. 
Crack growth rates were calculated based on the initial rise in 


the 10 kHz ACPD signal for the reference area. 


Figure 5-14 illustrates graphically the approximate 
location of the crack initiation at 540 hours. Results of the 
rack stress intensity and growth rate calculations are 


tabulated in Table 5-1 for the five crack growth fronts. 


2 J.C. Newman Jr. and I.S. Raju, “An Empirical Stress Intensity Factor 


Equation for the Surface Crack,” Engineering Fracture Mechanics, 
КЕ No.l-2 (Great Britian:1981) ,рр. 185-192. 
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Figure 5-13: SEM Composite Micrograph of IGSCC Fracture Surface Showing 
Elliptical Crack Fronts. 


10 kHz Signal 


1 kHz Signal 


Normalized Potential Drop (1 kHz) 
(ZH OT) doaq T€rausao0d рэ2ттемаон 





300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 


Time (hours) 


Figure 5-14: Normalized ACPD for Sample Shoving Crack Initiation Time Based 
on Increasing 10kHz Potential Drop. 
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Table 5-1: Tabulated Results for Stress Intensity and Grovth Rates. 
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Additional crack growth data was obtained for phase two. 
To expedite the crack initiation process, a sample with a well 
defined axial crack initiated by fatigue (as described in 
BSotdon 4) was used for sample 960212. The machined notch was 
elliptical with an estimated depth of 0.5 mm from dial indicator 
readings and measurements conducted from the crack geometry 
(Figure 5-15). The fatigue crack growth front was expected to 
be elliptical, demonstrated in prior testing. Based on this 
geometry, the fatigue crack depth was calculated to be 1 mm or 


B vof the wall. 
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Figure 5-15: Schematic of Tube Samples With Fatigue Pre-Cracks in Test Area. 


Procedures for system operation outlined in Section 4 were 
followed. The tube sample was polarized to +150 mV versus 
nickel based on the maximum corrosion rates observed by J. 
Mimsden, S.L. Jeanjaquet, J.P.N. Paine апа А.К. McIlree. 


Initial wall stress (38%) was chosen to yield an initial stress 


mJ. Lumsden, $.L. Jeanjaquet, J.P.N. Paine and A.R. Mellree, "Mechanism and 


Effectiveness of Inhibitors for SCC in a Caustic Environment,” Seventh 
International Symposium on Environmental Degradation of Materials in Nuclear 
Power Systems-Water Reactors, Vol.1 (Breckenridge, CO: NACE International, 
ШЕСІ 7-10, 1995). pp. 317-323. 
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intensity factor at the crack front of 11 MPa\m (10 ksivin). 
This value was chosen based on IGSCC crack growth rates observed 
in ASTM samples by M. Miglin’. The intent was to prevent fast 
crack growth and penetration of the tube wall. This in turn 
would allow observation of the crack growth by the ACPD system 
as demonstrated during the first phase of testing. Applied wall 
stress and sample temperature as a function of time are shown in 


Figure 5-16. 
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Figure 5-16: Sample Temperature and Applied Wall Stress (Percent of 0.2% 
Yield Stress). 


BM. Miglin, J.V. Monter, C.S. Wade, M.J. Psaila-Dombrowski, A.R. Mcilree, 


BSCC of Alloy 600 in Complex Caustic Environments,” Seventh International 
Symposium on Environmental Degradation of Materials in Nuclear Power 
Systems-Water Reactors, Vol.1 (Breckenridge, CO: NACE International, August 
10. 1995) pp. 277-290. 
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The potential drop measurements versus time are shown in 
Figure 5-17. An upward movement of the test sample caused the 
repositioning of the pickup wires and the large increase in 
potential at 140 hours into the test. At 185 hours into the 
test, with no large increases in the potential drop indicating 
crack growth, the wall stress was increased to 58%, or a K value 
of 16.4 MPa\m (215 ksiVin) based on initial crack geometry. The 
test terminated at 310 hours when a system shutdown occurred due 
to a loss of internal sample pressure. Subsequent examination 
of the test sample indicated that a through wall crack had 


E urred ам пе pre -noteied test site (Figures 5218 and 5-19). 


Analysis of the normalized plot of the potential drop test 
area versus reference shows an overall increase in both the 10 
ЕНА and 1 kHz potential drop signals from the initiation of 
Ес Ето (Figure 5-20). Based on this, the duration of crack 
Erowth was 3410 hours with IGSGCC initiation occurring from the 
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Figure 5-17: Potential Drop Versus Time for Test and Reference Areas. 
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Figure 5-18: Stereo Microscope Image of the Through-Wall Crack Seen at the 
Base of the Machined Notch. 





Figure 5-19: Low Power Stereo Microscope Image Showing the Relative Position 
of the Through Wall Crack to the Probes. 
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Figure 5-20: Normalized Potential Drop (Test Area with respect to the 
Reference Area) Showing an Increasing Signal from the Onset of Testing. 


The sample tube was sectioned and the crack ductilely 
fractured. A visual examination was conducted by SEM. Figure 
5-21 clearly shows a region of IGSCC. Several regions of 
through-wall crack propagation can also be seen. Figure 5-22 is 
a magnified micrograph of the IGSCC area showing two distinct 
growth areas for the two different applied stress intensities. 

À beach mark separates the two varying areas of IGSCC growth and 
is outlined in white. Micrographs of the ductile region, caused 
by the process used to open the crack area, and the pre-fatigue 
regions are presented in Figures 5-23 and 5-24 for comparison. 
The transition region between the fatigue area and the IGSCC 


Erca іс shown in Figure 5-25. 
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Figure 5-21: SEM Composite Micrograph of Fracture Surface Clearly Showing 
Area of IGSCC. 
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Figure 5-22: Magnified SEM Micrograph of IGSCC Area Outlining Two Possible 
Crack Growth Areas. 
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Figure 5-25: Micrograph Showing the Pre-Fatigue to IGSCC Transition Region. 
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Table 5-2 summarizes the results of crack depth 
measurements for the two crack growth regions indicated by 
Meare 5-21. Crack growth time is based on initiation of IGSCC 
at the onset of testing from the ACPD data. Based on the visual 
measurements of the fracture surface, the initial stress 
intensity (K,;) of 11.9 МРаУт (10.9 ksiVin) compares favorably 
with the estimated value during the test. The area of IGSCC 
measures 67um and 203um, respectively, in depth from the surface 
for the two growth areas. Finite element analysis yields an 
average Kj, of 12.3 MPa\m and 17.7 MPaYm, respectively, for the 


two growth areas. 


Area Depth (b) Length (2a) К dA/dt 
(ит) (тт) МРаҮт (mm/yr) 
EXFatigue | 1114 | Боо  À 2| 11.9 | ma  —— 


1181 
NNNM ss 


Table 5-2: Tabulated Results for Stress Intensity and Growth Rates. 










87 





6. Discussion 


6.1 ACPD Proof of Principle 


The goal of phase one, to prove that the ACPD system could 
be used to detect cracks on tubing under in-situ steam generator 
conditions, was validated. The data clearly indicate a 
correlation between potential drop and crack initiation and 
growth. This was illustrated in the normalized plots of Figures 
5-3 and 5-6. To substantiate this claim, predicted values for 
the potential drop can be calculated and compared to the actual 
values obtained. The assumption that the 10 kHz and 1 kHz 
signals are close to DC signals will be made for simplicity. 
This assumption is valid since the non-ferromagnetic properties 
of alloy 600 provide little increase in current density near the 


Eurface. 


For one sample, the predominant effect was an area change 
since the current path length to the crack was several orders of 
magnitude greater than the change of length due to the crack. 

The normalized calculated potential drop versus actual results is 


plotted in Figure 6-1. 


In a second sample, the IGSCC crack occurred under the 
reference probe vice test area. This was probably due to higher 
residual stresses in this area due to the weld (a small heat 
affected zone) or incomplete plating that allowed a crevice. The 
difference between the calculated potential drop from the area 
change in the sample and the increase in the path due to crack 
penetration is an order of magnitude. Therefore, the potential 
drop was most affected by the change in the path length. This is 
BEvalid assumption for an AC signal, deviating from the initial 


assumption of pure DC. Using the depth of penetration shown in 
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Table 5-1 and assuming a constant linear crack growth, the 
normalized calculated potential drop versus actual test results 


Me plotted in Figure 6-2. 


The correlation between the actual and calculated potential 
drops is excellent. Differences between the actual and 


calculated potential drops can be attributed to: 
gi current loss through the conductive solution, 


(2) relative resistance differences between the wires and 


sample from those assumed, and 


a umnduetdve losses not included in the calculation since DC 


Burrent was assumed for the estimate. 


The 1 kHz signal in one set of data shows a much greater rise 
than the 10 kHz predictions but only near the end of the test 
cycle. However, if one assumes the crack started at the same 
point the 10 kHz signal began to rise, the overall increase in 
the 1 kHz signal is also very close to that calculated. The 
possibility of noise in the 1 kHz signal during the 520 to 1400 
Bur region could account for the failure of the potential drop 
to rise in this period. This postulate became more likely when 
it was discovered that a ground in the shield for the 1 kHz 


signal existed. 
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Figure 6-1: Calculated Potential Drop Versus Actual. 


Normalized Potential Drop for Test 950909C 
2.000 


1.625 


Az a 
- 
-. 
ES P 


ж 


"mia 


= 
> 


- 5 5 
ж ғ 


u 
áo seo P 
- d 10 kHz Signal 1.250 


- 
Tuum ea ' 


1 kHz Signal 0.875 


0.500 
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 


Time (hours) 


Figure 6-2: Calculated Potential Drop Versus Actual. 
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6.2 Crack Growth Rates 


The measurements of crack length and depth given in Tables 
5-1 and 5-2 were used to calculate stress intensity and growth 
rate based on test duration. The average values of stress 
intensity and calculated growth rates for the two sets of data 


for phase two are plotted in Figure 6-3. 


= 
o 


Crack Growth Rate (mm/r: 


= 


Stress Intensity (Ki) (MPa root m) 





Figure 6-3: Alloy 600 Tube Crack Grovth versus Stress Intensity from Phase Two 
Testing. The Shaded Area Represents Data Ranges for K and Grovth Rates from 
M. Miglin’ : 


It is significant to note an apparent relationship in the 
Stress intensity versus crack growth rates. Based on the tube 


data collected, growth rate appears to be exponential to the 


Км. Miglin, J. V. Monter, C. S. Wade, M. J. Psaila-Dombrowski, A. R. Mellree, 


”SCC of Alloy 600 in Complex Caustic Environments,” Seventh International 
Symposium on Environmental Degradation of Materials in Nuclear Power Systems- 
Water Reactors, Vol. 1 (Breckenridge, CO:NACE International, August 7-10, 

Ш 005), рр. 277-290. 
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applied stress intensity when K, is less than about 15 MPa\m. 
For values between 15 and 20 MPaYm, crack growth rates 
accelerate, indicating a threshold value, approximately 15 MPa\m, 


above which growth rates increase at an increasing rate. 


Previously reported crack growth data in 10% NaOH was 
compared with the results from this study. M. Miglin, et.al., 
have reported stress intensity values from 5 to 40 MPaYm with 
growth rates from 0.2 to 76 mm/yr’. The shaded area in Figure 6-3 
represents this broad range of reported data from M. Miglin. In 
addition, Rebak, et.al. have obtained crack growth data for Alloy 
600 flat tubes at various pH and temperatures ranging from 300 to 
680907. А good correlation is shown when comparing Rebak's data 
to the present tube data (Figure 6-4). The dark upper bands 
represent data primarily in pH range 9 to 10, while the lower, 
lighter band represents data primarily in the 5 to 9 pH range. 
The data indicate a crack growth rate dependance on pH as well as 


on Ky . 


Figure 6-5 shows a plot of various growth rates versus pH 
from Miglin’ and Rebak, et.al.*. The data from Rebak is broken 


down into stress intensity ranges and is consistent with the 


? M. Miglin, J. V. Monter, C.S. Wade, M. J. Psaila-Dombrowski, A. R. McIlree, 
"SCC of Alloy 600 in Complex Caustic Environments," Seventh International 
Symposium on Environmental Degradation of Materials in Nuclear Power Systems- 
Water Reactors, Vol. 1 (Breckenridge, CO: NACE International, August 7-10, 
095), рр. 277-290. 
* T. Beineke, et. al., "PWR Molar Ratio Control Applications Guidelines", EPRI 
ЖЕ ЕЕ 10%8511-У1,1995, р. 2-13. 
* К.В. Rebak, and Z. Szlarska-Smialwska, "Influence of Stress Intensity and 
Loading Mode on Intergranular Stress Corrosion Cracking of Alloy 600 in 
Primary Water of Pressurized Water Reactors," Corrosion, Vol. 50, No. 5, (May 
1994), ыры 378-393, 

Миа. etal. гор. cit., p. 285. 
* R.B. Rebak, and Z. Szlarska-Smialwska, “Influence of Stress Intensity and 
Loading Mode on Intergranular Stress Corrosion Cracking of Alloy 600 in 
Primary Water of Pressurized Water Reactors," Corrosion, Vol. 50, No. 5, (May 
№994), pp. 386-387. 
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results illustrated in Figure 6-4 (Note the decrease in growth 
rate with pH for a specific stress intensity band). The crack 
growth data for prior testing is based on ASTM specimens, not 
tubes. Of significance is the wide variation in growth rates in 
pH range 10 (.025 to 250 mm/yr.). The alloy 600 tube data 


obtained in phase two fall in the middle of this range. 


ој | 


о Керак - рн 5-6 

u Керак - рн 6-7 

2 Керак - рн 7-8 

m Rebak - pH 8 

e Present Test Data - pH = 10 


— 
o 
o 


: || 
HIS ae 
| | HIPS] 
ТН ГМ 


5 
E 
E 
© 
3 
£ 
$ 
e 
o 
5 
5 


и“ F |o F 
E 
HAN 


EUN 
E eae 5-8 Band 


Stress Intensity (MPa root m) 





Figure 6-4: Comparison of Crack Growth Data versus Stress Intensity (K). 
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Figure 6-5: Comparison of Alloy 600 Crack Grovth Rates versus pH. 


No prior data exists for crack growth in actual steam 
generator tube samples. The tube data presented here represents 
the first in-situ monitoring and crack growth measurement of 
steam generator tubing. The tubing data obtained during phase 
E c testing correlates with data reported for non-tube (i.e. 
plate samples) alloy 600 specimens, which implies credibility for 
the results from plate samples. Based on this data and the 
relationships obtained, steam generator tube crack growth rates 
from in-situ inspections can be predicted and further development 


of an on-line monitoring system using ACPD methods developed. 
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E. Conclusions 


A laboratory system capable of monitoring alloy 600 steam 
generator tubing for IGSCC using an ACPD multi-frequency 
detection system was constructed. The system provided the 
capability to maintain an environment similar to an operating 
steam generator secondary side. Additionally, the autoclave 
system provided the capability to impress varying wall stresses 
on the tube samples up to 140 % of yield strength to expedite 


аск initiation. 


The capability of the ACPD system to detect initiation and 


growth of IGSCC on alloy 600 tubes in the in-situ environment was 


demonstrated.  IGSCC initiation and growth was monitored up to 
1240 hours at two frequencies. The higher frequency proved to 
have a greater sensitivity to crack initiation. The measured 


potential drop from the tube data correlated well with calculated 


values. 


IGSCC crack growth data for alloy 600 tubes was obtained. 
Average values of stress intensity (Kı) ranged from 4.2 to 17.4 
MPa\m with Prowtheratesstrom 1.6 to 12.3 mm/yr. Data obtained 
from these tests show an exponential relation between crack 


growth rate and stress intensity for alloy 600 tubes. 


The crack growth data obtained from these tests were 
compared to data from previous researchers using standard test 
samples of alloy 600. The measured tube crack growth data and 
stress intensities compared favorably to prior data. The data 
obtained is the first IGSCC crack growth data in tubes. This 
data and future test data obtained using the procedures and 
techniques developed, may be used in predicting tube failure 


times based on site inspections. 
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8. Recommendations for Future Work 


Àn early goal of the program was to make use of the ACPD 
monitoring system to measure the effectiveness of various 
inhibitor compounds to mitigate or halt SCC growth. Due to 
ше constraints, this could not be accomplished in this 
program. However, inhibitors can play a critical role in the 
mitigation of IGSCC in existing steam generators. The system 
developed in this research can provide the data essential for 
an evaluation of inhibitors and this evaluation should be 


performed. 


С Кола Stress intensity (K) versus growth rate data is 
needed to better establish the relationship between growth rate 
апа К. This data will also establish a better band of expected 
prowth rates for alloy 600 tubing. 


Data from ACPD measurements of SCC growth in tubes is 
required to provide a predictive tool. Future data collection 
will enable the determination of crack size versus potential 


drop and allow operator prediction of crack size on-line. 


Finally, higher frequency application of the ACPD input 
signal needs to be investigated to allow the probe spacing to 
increase with no loss in sensitivity. The use of the ACPD 
system under actual steam generator conditions will require 
less restrictive placement of the output probes. The data 
collected during testing conducted thus far indicates that 
higher frequency application may allow an increase in probe 


spacing with the same sensitivity to crack growth. 
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À-l. Autoclave System Operating Characteristics 


This appendix contains information describing heater 
controller settings, autoclave heatup characteristics, and a 
description of the autoclave head ring failures which occurred 
during early testing due to a failure to completely purge the 
autoclave volume of oxygen. This information is provided to 
provide a benchmark for system operating performance during 


future testing. 


A-1.1 Omega CN9000A Heater Controller Parameter Settings 


The CN9000 Heater Controller manufactured by Omega 
Engineering, Inc. is a Proportional-Integral-Differential 
controller. The controller has a self-tune mode which allows 
the parameters to be automatically calculated during the 
heatup. However, the auto-tune feature has a time-out routine 
in the software which will terminate the auto-tune calculation 
after a predetermined time, which is preset by the 
manufacturer. This occurred during the heatup tests in the 
static mode. As an alternative, the PID parameters may be 
manually calculated from observation of the autoclave 
temperature oscillations during heatup. Detailed procedures 


are in the CN9000 Operators Manual (M575/0289). 


A heatup of the autoclave was conducted with a set 
temperature of 280°C in order to obtain the necessary 
parameters without exceeding the 315°C rated autoclave 
temperature. When the set temperature was reached by allowing 
the controller to operate in a manual mode with the PID 
controller inactive, oscillations occurred as expected. 
Measurements of the amplitude and period of the oscillations 


were obtained from a graph of the temperature versus time from 


Oa 





the LABVIEW® (figure A-1). The required parameters are 


calculated and presented in Table A-1. 


325 
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Autoclave Temperature (C) 


Figure A-1-1: Heatup 950726 Showing Oscillations of the Heater Controller. 
The Amplitude Was Measured at 9°C with a Period of 15 Minutes. 


CN9000A Heater Controller PID Parameters 


Measured Amplitude: 9°C Measured Period: 15 
minutes 


PID Parameter Governing Equation Result 
(Setting) 


T/20 


(%) 
seconds 
seconds 
Table A-1-1 : CN9000A PID Controller Parameters for Static Autoclave 
Operation 
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А-1.2 Heatup Plots 


Time 
autoclave 
generates 
operating 
autoclave 


a greater 


Біліп and 


to heatúup isa function of the fluid quantity im the 
and the heat loss of the system. The heating mantle 
2700 watts total heat output. Based on the two 
modes, this output is sufficient to heat the 

to the desired 315°C. However, since heat is lost at 
rate in recirculate mode due to the incoming cold 


larger fluid volume in the autoclave, additional 


insulation on the head and preheating of the incoming fluid is 


necessary 


to provide reasonable heatup times. Testing showed 


that heatup to temperature requires approximately two hours in 


static mode and six hours in recirculate mode. Figure A-2 


shows the heatup plots during normal static and recirculate 


heatups. 


The fluid is preheated to 80°C using a heat tape on 


the incoming tubing for the recirculate mode of operation. 


Temperature (C) 





Static Heatup 


а. 
(eise ta mtn 
u 

2... 


Recirculation Heatup 


100 200 300 400 


Time (minutes) 


Figure A-1-2: Heatup Plot Showing Contrast in Time Between Recirculation 


and Static Modes 
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A-1.3 Autoclave Head Seal Ring Failures 


Cracking of the nickel O-ring which seals the head and 
autoclave body occurred during two early caustic tests while 
operating in recirculation mode. The failures occurred within 
100 hours of reaching final autoclave temperature. Post 
shutdown inspections revealed a green residue on the interiors 
of the autoclave head and body. Although no formal chemical 
analysis was performed, the residue was thought to be nickel 
oxide or nickel hydroxide. Inspection of the O-ring indicated 


radial cracking with signs of erosion in one location (figures 


БЕ бапа А-л). 





a 
Бк 





Figure À-1-4: Erosion Damage to O- 


Figure A-1-3: Channel in O-ring и 
from Test 950703 Ring from Test 950403 


Based on the best available data from the post-shutdown 
analysis, the cracking is thought to be from oxygen which was 
Hot purged from the nipples prior to heatup. The oxygen was 
forced into solution during the subsequent fill. Once at 


temperature, the oxygen in caustic attacked the O-ring which is 
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subject to a large compressive stress. The greater thermal 
expansion of the nickel versus the carbon steel head bolts 
further increases the compressive stress on the O-ring during 
heatup. Areas of increased stress due to a prior flaw are 
probably where the cracking initiated. The failure of the O- 
rings resulted in system shutdown due to a loss of autoclave 


pressure. 


Future O-ring cracking while operating in recirculation 
mode should not occur. The autoclave head was modified to 
allow thorough purging of the oxygen in the nipples by 


iux dlatyon of valves at the high points (ACV-1 through 6). 
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A-2. Operating Procedures 


This appendix contains detailed procedures for operating 
the autoclave system in all modes. Emergency procedures are 
included to rapidly shut down the system in an emergency. 
Operation of the system using these procedures should prevent 


equipment damage and minimize any personnel hazards. 
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A-2.1 System Startup Procedure - Static Operation. 


A-2.1.1 Prerequisites 


a. The sample is installed in the head and the head is 
bolted onto the autoclave. Ensure the head is torqued to 125 
to 140 foot-pounds. Verify all Conax fittings are torqued to 
the required values to prevent hydrogen leakage. 


b. All external tubing connections are installed to the 
head. The heating mantle is installed with required thermal 
Пе Л оп bolted in place (i-e. lower autoclave thermal 
Bucsulation disk). 


c. Cooling jacket water is connected to the head. Ensure 
cooling water is turned on and flow verified prior to startup. 


d. The main electrical panel breakers are shut for 250 
volt service to the heater controller. 120 volt service is 
available to the heater controller and control systems. Verify 
all heating mantle electrical connections are complete. 


e. 50 to 75 psig compressed air service is connected to 
regulator REG-3 and solenoid S-2. 


f. Nitrogen bottle pressure should be a minimum of 1500 
psig to prevent frequent booster pump cycling. 


g. Hydrogen bottle pressure is a minimum of 2000 psig. 
Pressure below this will result in operation closer to solution 
saturation temperature. 


bee solenoid 5-2 Emergency Dump Switeh is in “ӘНШІ”. 
i. System Override Switch is in “STARTUP”. 


j. The system has been purged of oxygen by an inert gas 
for at least 15 minutes through each valve ACV-1 through ACV-6 
(NOTE: if the gas inlet is through the outlet union cross, 
then purging through ACV-2 is not required). 


k. The injection system is connected or capped at the 
autoclave standoff. 


ir. Connect or verify connected all thermocouple leads. 
This includes the dual junction thermocouple for internal 
autoclave temperature and the return tubing external 
temperature. 
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m. The following valve lineup is completed: 


Static System Operation : Startup Valve Lineup 


О-о 5 
5 


АС 


АС 


А 


ОРЕМ 


Table A-2-1: Static System Start-Up Valve Lineup 


В 
[2 
P-4 

| 





re 271.2 Procedure 


a. SLOWLY open the Hydrogen Tank Isolation Valve to 
pressurize the system up to the inlet of REG-2. 


b. Operate REG-2 slowly to pressurize the system to 1800 
psig. Adjust REG-2 as necessary to maintain the system 
pressure 1750 to 1850 psig. 


c. Once the system pressure is 1750 to 1850 psig, the 
sample may be internally pressurized to obtain the desired 
stress across the wall. See the sample pressurization 
procedure. When the sample internal pressure exceeds the low 
pressure shutdown setpoint, reset the shutdown on meter NP-1. 


d. Reset meter ACP-1 once pressure exceeds 1600 psig. 
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e. When all shutdown signals are reset, place the System 
Override Switch in “NORMAL”. 


Ber or verify the setpoin: temperature ds 31552 C on 
the CN9000 Series Heater Controller (See the Operators Manual). 


g. Turn the CN9000 Series Heater Controller on per the 
Operator’s Manual instructions. Shut the heater latch 
contactor on the rear of the control panel by pushing the green 
“START” button. A distinct latch sound should be heard. If 
not, check for a power interruption to the heater controller or 
тко! circuit. 


h. Monitor the heatup to verify normal heatup 
characteristics (see Appendix 1). It normally requires 
approximately 2 hours to reach set temperature. 





8-2.2 System Startup Procedure - Recirculation. 


B-2.2.1 Prerequisites 


a. The sample is installed in the head and the head is 
bolted onto the autoclave. Ensure the head is torqued to 125 to 
140 foot-pounds. Verify all Conax fittings are torqued to the 
required values to prevent caustic leakage. 


b. All external tubing connections are installed to the 
head. The heating mantle is installed with required thermal 
insulation bolted in place (i.e. lower autoclave thermal 
Enculation disk). 


c. Cooling jacket water is connected to the head. Ensure 
cooling water is turned on and flow verified prior to startup. 


d. The main electrical panel breakers are shut for 250 volt 
service to the heater controller. 120 volt service is available 
to the heater controller and control systems. Verify all heating 
mantle electrical connections are complete. 


e. 50 to 75 psig compressed air service is connected to 
Fegulator REG-3 and solenoid 5-2. 


f. Nitrogen bottle pressure should be a minimum of 1500 psig 
to prevent frequent booster pump cycling. 


g. The storage tank contains a minimum of 50 liters of cold 
caustic solution which has been adequately deaerated. 


he solenoid 5-2 Emergency Dump Switch is in “SHUT: 
i. System Override Switch is in “STARTUP”. 


j. The system has been purged of oxygen by an inert gas. 
This should be accomplished by backfilling the system with an 
inert gas prior to filling the system solid with caustic. ENSURE 
THE STANDOFFS ARE PURGED VIA ACV-1 THROUGH ACV-6. 


k. The injection system is connected or capped at the 
autoclave standoff. 


l. Connect or verify connected all thermocouple leads. This 


includes the dual junction thermocouple for internal autoclave 
temperature and the return tubing external temperature. 
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m. Adjust the recirculation pump flow to maximum (see 
operating manual). 


n. The following valve lineup is completed: 


Recirculation System Operation Startup Valve Lineup 


ACV-1 OPEN THROTTLED 
OPEN 
SHUT 


Valve 


Valve Poss tion 


> 


SHUT 


> 


SHUT 


> 


SHUT 


> 


ШШ 


SHUT 


> 


OPEN 


OPEN 






un 

ns) 
I 

н- 





АСУ-2 КЕСЕ FULL OPEN 


ACV -3 SHUT REG -3 
PNIS ТО VENT 
THROTTLED OPEN 


Table A-2-2: Recirculation System Start-Up Valve Lineup 


SHUT 


OPEN 





2.2.2 Procedure 


a. Place the recirculation pump in “RUN” 


Боасе the system is verified solid (flow sounds) to tank., 
Small pressure increase on meter, etc.), adjust REG-1 slowly to 
pressurize the system to 1800450 psig. 


c. Once the system pressure is 1750 to 1850 psig, the sample 
may be internally pressurized to obtain the desired stress across 
the wall. See the sample pressurization procedure. When the 
sample internal pressure exceeds the low pressure shutdown 
setpoint, reset the shutdown on meter NP-1. 


all 





d. Reset meter ACP-1 once pressure exceeds 1600 psig. 


e. When all shutdown signals are reset, place the System 
Override Switch in "NORMAL". 


ПИ = Бок ерту тре setpoint temperature is 315452 C on the 
CN9000 Series Heater Controller (See the Operators Manual). 


g. Turn the CN9000 Series Heater Controller on per the 
Operator's Manual instructions. Shut the heater latch contactor 
on the rear of the control panel by pushing the green "START" 
Button. A distinct latch sound should be heard. If not, check 
for a power interruption to the heater controller or control 
E rcuit. 


h. Monitor the heatup to verify normal heatup 
characteristics. 





A-2.3 System Shutdown Procedure - Static Operation 
A-2.3.1 Prerequisites 


a. The system is operating at set temperature and pressure. 
No shutdown signals are present. 


ELO 73-2 Procedure 
a. Place the System Override Switch in "OVERRIDE". 
b. Shut the Hydrogen Bottle Isolation Valve. 


c. Reduce the internal sample pressure to atmospheric by 
shutting the Nitrogen bottle isolation valve and reducing air 
pressure to the booster pump to 0 (КЕС-3). Throttle open SP-1 to 
vent the nitrogen to the atmosphere. 


d. Turn the heater controller off (see Operator's Manual). 


e. Open the heater latch contactor by depressing the red 
NS TOP” button on the contactor housing. 


f. If a quick return to operating status is intended, AC-5 
and AC-6 may be shut to maintain hydrogen pressure in the 
scrubber. The autoclave may be vented by throttling open ACV-1 
through ACV-6 or by opening AC-4 to the storage tank. 





A-2.4 System Shutdown Procedure - Recirculation 


A-2.4.1 Prerequisites 


a. The system is operating at set temperature and pressure. 
No shutdown signals are present. 


A-2.4.2 Procedure 
a. Place the System Override Switch in “OVERRIDE”. 


b. Reduce the internal sample pressure to atmospheric by 
shutting the Nitrogen bottle isolation valve and reducing the air 
pressure to the booster pump to 0 (ВЕС-3). Throttle open SP-1 to 
vent the nitrogen to the atmosphere. 


e. Turn the heater controller off (see Operator’s Manual). 


d. Open the heater latch contactor by depressing the red 
ШОО Ор button on the latch contactor housing. 


f. Continue to operate the recirculation pump throughout the 
cooldown. NOTE: A RAPID DECREASE IN PRESSURE MAY OCCUR DUE TO 
SYSTEM CONTRACTION ONCE THE HEATER IS TURNED OFF. This is not 
unusual and should not be mistaken for a pump or backpressure 
regulator failure. Continue to operate the pump and pressure 
will be restored when the makeup exceeds the contraction (at 
about 200°C). 


hen temperature is reduced below 100 C, сре сусвет 


pressure may be reduced by operating REG-1 and the recirculation 
pump secured. 
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A-2.5 Emergency Shutdown Procedures 


These procedures may be used to rapidly shutdown the system 
in an emergency (such as a leak) or to place the system in a 
Pautdewhn configuration if an automatic shutdown occurs. 


AS2.5.1 Static System Emergency Shutdown 


a. Open the heater latch contactor by depressing the red 
E OB. button on the contactor housing. 


PROP lace Solenoid 5-2 Emergency Dump Switch in "OPEN". 


c. Shut the isolation valves on the Nitrogen and Hydrogen 
bottles as quickly as possible. 


A-2.5.2 Recirculation System Emergency Shutdown 


a. Open the heater latch contactor by depressing the red 
Eu P button on the contactor housing. 


[Place Solenoid S-2 Emergency Dump Switch in "DUMP". 


c. Shut the isolation valves on the Nitrogen bottle as 
quickly as possible. 


d. If a leak has occurred, secure the recirculation pump to 
avoid additional caustic from entering the autoclave. 
Depressurize the system by rapidly opening REG-1. CAUTION: THE 
SYSTEM MAY BE DEPRESSURIZED BY OPENING AC-2 HOWEVER, CAUSTIC WILL 
VENT TO THE ATMOSPHERE! 





A-2.6 Sample Pressurization System Operation 


EL2-6.1 Startup 
a. Prerequisites 


1. All tubing is assembled to the sample in accordance with 
the manufacturer’s instructions. 


Ze Natrogen bottle pressure is a minimum of 1500 psig to 
prevent frequent cycling of the booster pump. 


3. 50 to 75 psig compressed air service to regulator REG-3 
and S-2 is available. 


4. The system low pressure shutdown is reset or the System 
Bverride Switch is in "OVERRIDE". 


b. Procedure 


1. Slowly open the Nitrogen bottle Isolation Valve. Sample 
pressure on NP-1 and NP-2 should indicate approximately the same 
as the Nitrogen bottle pressure. 


2. Raise the internal sample pressure by operating REC-3. 
The approximate internal pressure as read at NP-1 and NP-2 should 
be 150 times the applied air pressure as read at REG-3. The 
Booster pump will cycle to maintain this pressure within an 
approximate 200 psig band, Allow pressure to stabilize before 
REG-3 is locked to the final setting. 


ING 





A-2.7 Injection System Operation 


А. Prerequisites 


1. Ап inert gas supply is available to deaerate and agitate 
the inhibitor while in the tank. The gas is also required to 
provide a positive head to the injection pump. The gas supply 
line is attached to the fitting on the injection tank. 


2. The solution to be injected is in the injection tank. 
The fill plug on the tank has been replaced. 


3. The following valves are in the position noted: 


ЕЕ | _ 


Table A-2-3: Injection System Start-Up Valve Lineup 









4. 120 VAC Service Power is connected to the injection 
pump. 


5 lf agitation or deaeration of the solution is required, 
attach a vent line to INJ-2 prior to opening. 


6. A collection bottle should be placed at the common vent 
prior to pressurizing the tank. 


7. CAUTION: NEVER START THE PUMP WITH A HEAD GREATER THAN 
000 PSIG AGAINST THE PUMP OUTLET. 


B. Procedure 


1. Pressurize the injection tank to approximately 10 psig 
by adjusting the gas bottle regulator. If deaeration or 
agitation of the solution is required, INJ-2 should be throttled 
open to adjust the flowrate through the injection tank while 
maintaining tank pressure at approximately 10 psig. 


2. Set the injection pump flow to the desired rate with the 
micrometer on the pump. 


П 





Bee start the pump. Verify flow through the vent. After a 
few seconds, place INJ-1 in the “INJECT” position. Monitor 
autoclave pressure carefully to ensure the system does not 
overpressure. 


4. When solution injection is complete, place INJ-1 in the 
ETO VENT" position. Stop the pump. 


5. Shut off the gas pressure to the injection tank. 


6. Vent the tank by opening INJ-2 fully. 





A-2.8 Electroless Nickel Plating Technique 


This electroless nickel plating technique was developed by 
Dr. Martin Morra! as an aid in preserving surface features during 
metallographic preparation. While commercial kits for 
electroless nickel plating are available, this technique was 
developed specifically for superior retention of fine surface 
details. The hard, resilient plating also makes this technique 


ideal for the Alloy 600 sample preparation. 
A=2.8.1 Preparation 


a. Clean all glassware to be used to store or hold the 
plating solution with a 50% nitric acid-50% deionized water (by 
Bolume) solution heated to 90° to 100°C. 


b. Prepare 2 liters of plating solution by mixing 54 grams 
of Sodium Hypophosphite (NaH,PO,eH,0), 40 grams of Nickel Sulfate 
Hexahydrate (NiSO,°6H,O) and 32 grams of Sodium Succinate 
Hexahydrate (C,H,Na,0,e6H,O) in 2 liters of deionized water. Mix 
the plating solution by stirring until the solids have totally 
dissolved. 


pter the plating solution with a lint free filter. A 
membrane filter (lym pore size) used under vacuum is preferable 
although a glass fiber filter may be used for gravity filtration. 


d. Areas of the sample not to be plated should be covered 
with micro-stop and allowed to dry for 24 hours. Clean the 
sample to be plated with an appropriate solvent (isopropyl 
alcohol) to remove any oils from the surface. Do not handle the 
sample after cleaning. 


" М.М. Morra, J.M. Morra and R.R. Biederman, “A Technique for the Preparation 


of Powders for Examination by Transmission Electron Microscopy", Materials 
Science and Engineering, A124 (1990) pp. 55-64. 
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EC2.8.2 Procedure 


CAUTION: The plating solution must be heated to activation 
temperature in a water bath. DO NOT ATTEMPT TO HEAT THE SOLUTION 
ON A HOT PLATE! 


a. Suspend a 2000 milli-liter beaker in a 4000 milli-liter 
beaker. Pour enough water in the 4000 milli-liter beaker to 
immerse most of the 2000 milli-liter beaker. Heat the bath. 


|pmELour the plating solution into the 2000 milli-liter 
beaker allowing room for the sample without over-flowing. 


c. Suspend the sample in the plating solution. For best 
results, do not allow the sample to touch the surface of the 
beaker. DO NOT COVER THE BEAKER DURING PLATING! 


d. Allow the temperature of the plating solution to rise to 
between 85° and 91°C. 


e. The initial pH of the plating solution should be 
approximately 5.5 to 6.0 (test using pH paper). 


Monitor the plating solution carefully for the first half 
hour after plating has begun (the rapid evolution of bubbles from 
the sample surface). If a white precipitate forms in the 
Solution (it will cloud the solution), add lactic acid drop-wise 
and stir until the precipitate disappears (solution clears). 

WHEN ADDING LACTIC ACID, BE SURE THE pH DOES NOT FALL BELOW 5.5! 


g. Depending on the surface of the sample, the rate of 
nickel deposition will be approximately 1 mil per hour. Ifa 
problem initiating plating on the sample develops, it is 
suggested that the sample's oxide layer be removed by placing it 
in a heated solution (approximately 60°C) of 2% Hydrofluoric 
Acid, 2% Nitric Acid in deionized water (by volume) for a few 
moments. The above procedure should then be repeated. 


h. When excessive plating occurs on the glassware, remove 
the sample and cool the solution. Additional plating thickness 
may be obtained by repeating the above procedure as required. 





À-3. Detailed System Drawings 


The following pages present the detailed system design and 
construction drawings used in assembly of the alloy 600 test 
platform. Detailed listings of components are included with a 
listing of the manufacturer from whom the part was procured. 
Alternate sources of components which possess similar 
specifications may be substituted for those listed. Several 
components were custom assembled within the lab or were 
previously assembled and the source may not be known. The 
layout of connecting tubing is provided as a guide. The exact 
dimensions and bends were made to custom fit the valve 


Оса опе on the test stand boards and on the autoclave. 


Post-assembly testing consisted of system hydrostatic 
tests using the installed pumps as a source. A Heise gauge and 
digital pressure meter served as the pressure monitoring 
equipment. A hydrostatic test using distilled water was 
considered successful if no leaks occurred in the system under 
test for a period of thirty minutes. Components which would be 
pressurized at temperatures greater than room temperature were 
hydrostatically tested at room temperature and at their 


operating temperature. 
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Sample Nitrogen Board Showing Valve Layout 


\ Drill 1 hole each side 
at 0.5" from center 


0 075*— 
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Sample Pressurization Board Drill Template 


Figure A-3-2: Sample Pressurization Control Board Tubing and Template 
Details 
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Figure A-3-3: Recirculation and Static System Control Board Tubing and 
Template Details 
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Figure A-3-4: Alloy 600 Test Platform Schematic 
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Table A-3-1: Alloy 600 Test Platform Components Summary 
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Figure A-3-5: Sample Pressurization System Component ID 
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Table A-3-2: Sample Pressurization System Component ID 
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Figure A-3-6: Static System Component ID 
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Table A-3-4 : Recirculation System Component ID 
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Figure A-3-8: Injection System Component ID 
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Table A-3-5 : Injection System Component ID 
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Figure A-3-9: Emergency Depressurization and Safety Collection System 
Component ID 


> 












calado оп апа satety Collection oystem Component Identification LIS 


AL ASFRESS | 7200507 amiess Steel | Parker Vale Connector 
ны | 0000 ainiess olee Vietal Men х 0.06 чота 
| 3 | 4-4-4 MBZ-95 | 0000 ainless Stee Parker emale Run lee 
[8| Copper [Custom [Single Element Cooling Coi 


0000 ainless Steel | Metal Men | 0.25 x 0.00 ubing 
[TT | 4-1 WBZ-SS | 10000 ainless Steel [aa Parker 4 Bulkhead U 











Table A-3-6: Depressurization and Safety Collection System Component ID 
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Autoclave Head and Sample Assembly Detail 


Figure A-3-11 
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Figure A-3-12: 
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Figure A-3-13: Detailed Control Wiring Schematic 
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A-4. Axial Fatigue Pre-crack Sample Preparation Procedure 


Initiation times for SCC were found to be considerably 
shorter if the localized stress were increased. Axial fatigue 
cracks initiated in the test area provide the required 
localized stress and a crevice from which SCC can occur and 
grow. In order to evaluate fatigue growth in real time, the 
fatigue crack must initiate at 90 degrees to the applied load. 
However, calculations using MATHCAD®‘s Roark’s Formulas for 
Stress and Strain on a tube sample show stress levels are a 
factor of 1.7 times greater on the inside wall immediately 
under the point of load application than at 90 degrees to the 
point of application. Several early tests demonstrated this 
when axial fatigue cracks occurred and grew through-wall 
directly under the line of load application. 

The stress at 90 degrees to the applied load was increased 
beyond that directly under the load application point by 
machining a thin notch 90 degrees to the load line with a 
ДОНЕЛО tool and a 0.875 inch by 0.015 ineh cutoff wheel. The 
depth of the notch can be estimated using figure A-4-1. 
Typical depths to initiate fatigue cracks at 90 degrees to the 
load line vice under the load line ranged from .030” to 0.035” 
in the Low Temperature Annealed Alloy 600 Heat 96834. Fatigue 
crack growth is induced by applying 90 percent of the yield 
stress load (approximately 1000 pounds) at 90 degrees to the 
machined notch in an MTS Model 810 Material Test System. To 
ensure even loading, the sample is held in a fixture 
illustrated in figure A-4-2. The MTS Test System is operated 
in a sinusoidal mode with minimum loading not less than 50 
pounds compressive to prevent sample movement. Figures A-4-3 
wd A4 4 illüstrate the actual test setup. Initiation of 


fatigue cracking is noted at the edges of the machined notch 
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using a stroboscope and microscope to monitor the notch area. 
Typical growth should not exceed 0.1 mm to prevent excessive 
Aires wall crack growth and typically occurs in under 10° 


cycles. 
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Figure A-4-1: Notch Depth versus Surface Chord Length 
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Figure A-4-2: Schematic of Fixture Used With the MTS Testing 
System to Induce Fatigue Cracks in the Test Samples 
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Figure A-4-3: Side Photo of Sample and Fixture Mounted in the 
MTS Test System 
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Figure A-4-4: Front View of Sample and Fixture Installed in MTS 


Test System 
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A-5. Error Analysis 


An error analysis was performed on the crack growth rate 
and stress intensity data obtained from the tube tests. The 
errors associated with crack growth rates and stress intensity 
are illustrated in Section 6 (Discussion) and presented in 


Table À-5-1 belov. 


Errors associated with the stress intensity calculations 
consisted of analytical errors from the finite element 
analysis used to calculate the stress intensity. The 
estimated error associated with this analysis is +5% The 
plotted error bars in Figures 6-3 and 6-4 represent the range 
of stress intensities throughout the crack growth period with 
the upper and lower limits accounting for the 5% analytical 
error. Crack growth from a free surface is assumed to be 


dependent on K, when stress intensities reach a value of 4 


MPaWm” and have no associated analytical error. 


The error in the crack growth rate is primarily a 
function of determining the initiation time from the ACPD 
output. The determination of the initiation times is 
discussed in detail in section 5 (Results). However, in the 
case of surface crack initiation, the sensitivity of the ACPD 
may preclude detecting initiation until a large enough crack 
has propagated into the vall. Therefore, the worse case is 


initiation from time 0. The lower values of crack growth for 


t! J. C. Newman Jr., and I.S. Raju, “An Empirical Stress Intensity Factor 


Equation for the Surface Crack,” Engineering Fracture Mechanics, Vol. 15, 
Eo 2 (Creat Britain: 1901), ор. 185-192. 

? Electric Power Research Institute, Steam generator Reference Handbook, 
EPRI TR-103824, Project 2895;4044 Nuclear Power Group (Palo Alto: EPRI, 
Dec 1994), р. 13-26. 


146 





the first series of data reflects this estimate. However, the 
rise in potential on the 10kHz signal is most likely the upper 
limit and this is the plotted value, so there is no associated 


upper error. 


In the case of the pre-fatigued samples with multiple 
growth areas, the average growth rate was plotted from visual 
measurements of the upper and lower bounds of each region. 


These upper and lower bounds are then used to determine the 


upper and lower growth rate errors. 








Alloy 600 Test Data with Error Limits 


Test K (lower) | K (upper K (avg -) Error +) Error | (Average lower upper -) Error +) Error 


EUER 73 | с; | 17 | 20 | 46-3 "41 | 112 | оь | о Ц 
КОЕ | 92 | ee | 268 | "91 |_> | 13 | 436 | 07 |_ о 
Em. "| вз | 62 | 22 | 26 | 24 | 44 | А | о7 | 0 
[950909с a | 91 | 66 | 26 | 30 | 23 | 15 | 156 | оз | о | 
ШЕШІЗДЕ-4- | 453 | 97 | 57 | ба | 27 | 18 | 85 | 05 | о _— 
CEC EVA 09 | io —|- 36- |- 18 | 9 | 5 |_ 23 — 











Table A-5-1 : Test Data with Error Calculations 
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